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Datum der Disputation:
Zusammenfassung
Das Ziel der Untersuchung von ultra-relativistischen Schwerionenkollisionen ist die Suche
nach dem Quark Gluon Plasma (QGP), einem Zustand hochdichter stark wechsel-
wirkender Materie in dem der Einschluss von Quarks und Gluonen in Hadronen aufge-
hoben ist. Die bisher gewonnenen experimentellen Hinweise deuten darauf hin, da
in Schwerionenkollisionen bei den derzeit hochsten zur Verfugung stehenden Energien
von 158 GeV=Nukleon in Pb+Pb Reaktionen am CERN-SPS die Rahmenbedingungen
fur einen Phasenubergang von hadronischer Materie zu einer partonischen Phase erfullt
sind.
Die exakte Phasenstruktur stark wechselwirkender Materie hingegen ist derzeit noch
nicht vollstandig verstanden. Da inklusive hadronische Observablen und \penetrierende
Proben" nicht direkt sensitiv auf die Existenz und Natur des Phasenubergangs sind,
wurde die Analyse von Einzelereignis-\event-by-event"-Fluktuationen vorgeschlagen. Das
Fluktuationsverhalten von Einzelereignis-Observablen sollte direkt sensitiv auf die Natur
des zu beobachtenden Phasenubergangs sein.
In dieser Arbeit wurden Fluktuationen in der \chemischen" Zusammensetzung der Teil-
chenquelle untersucht und erste Ergebnisse werden prasentiert. Die im Vergleich zu
elementaren Nukleon-Nukleon Stossen beobachtete

Uberhohung der Seltsamkeitspro-
duktion in Schwerionenkollisionen um einen Faktor 2 gilt als ein wichtiges Indiz fur
einen veranderten Teilchenproduktionsmechanismus aufgrund der kollektiven Natur des
erzeugten Vielteichensystems. Als Observable fur den Seltsamkeitsgehalt einzelner









>). Kaonen als leichteste, Seltsamkeit tra-
gende, Teilchen werden in einzelnen Reaktionen in ausreichender Zahl produziert um
eine statistisch signikante Aussage uber den gesamten Seltsamkeitsgehalt der erzeugten
Teilchenquelle zu machen.
Das NA49 Experiment wurde vor dem Hintergrund konzipiert, eine solche Einzelereig-
nisanalyse zu ermoglichen. Grundvoraussetzung hierfur ist es, den hadronischen Endzu-
stand von Schwerionenkollisionen moglichst vollstandig zu erfassen und die gemesse-
nen Teilchen zu identizieren. Dazu stehen vier grovolumige Spurendriftkammern zur
Verfugung, die es ermoglichen, durch Rekonstruktion der Teilchentrajektorie in einem
Magnetfeld den Teilchenimpuls zu bestimmen und zusatzlich durch Messung der spezi-
schen Ionisation die Teilchensorte zu identizieren.
Die Einzelereignisanalyse mit Hilfe von Spurendriftkammern in einer Umgebung solch
hoher Spurdichte stellt eine grosse experimentelle Herausforderung dar. Um syste-
matische Fehler in der Messung von Einzelereignisuktuationen zu vermeiden, ist es
unbedingt notwendig sicherzustellen, da Variationen der lokalen Spurdichte die Leis-
tungsfahigkeit des Detektors nicht beeinussen.
Im Rahmen dieser Arbeit wurden zwei relevante Ursachen fur systematische Unsicher-
heiten in der Fluktuationsmessung identiziert, die von der lokalen Spurdichte beein-
usst werden:
 Die Ezienz der Spurrekonstruktion.
 Die Ionisationsmessung zur Teilchenidentizierung.
Eine eingehende Untersuchung der Spurerkennungsprogramme hat gezeigt, da ein ge-
wisser Teil der gemessenen Spuren in mehrere Spurstucke aufgebrochen wird, was zu
einer Mehrfachmessung von einzelnen Spuren fuhrt. Im Rahmen dieser Arbeit wurden
Mechanismen zur Erkennung und Zusammenfugung aufgebrochener Spuren entwickelt
(Kapitel 3).
Erste Untersuchungen der Teilchenidentizierung durch Messung der spezischen Ionisa-
tion haben gezeigt, da die Leistungsfahigkeit der Detektoren weit hinter den erwarteten
Werten zuruck bleibt. Insbesondere wurde eine starke Abhangigkeit der Ionisationsmes-
sung von der lokalen Spurdichte festgestellt.
Durch eine genaue Untersuchung der Ausleseelektronik und des Aufbaus der Auslesekam-
mern konnten Nullinienverschiebungseekte und ein

Ubersprechen zwischen den einzel-
nen Auslesekanalen uber die Auslesedrahte der Proportionalkammern als Ursache iden-
tiziert werden. Es wurden im weiteren Korrekturmechanismen entwickelt um diese Ef-
fekte zu korrigieren (Kapitel 4). Die zuvor beobachtete Spurdichteabhangigkeit der Ion-
isationsmessung konnte beseitigt und das Trennungsvermogen der Spurendriftkammern
konnte um einen Faktor 1.5-2 (siehe Abb. 1) erhoht werden. Die schliesslich erreichte
Auosung in der Messung der spezischen Ionisation liegt knapp unter 4%, was ein mit
diesem Detektortyp bei hoher Spurdichte bisher unerreichtes Qualitatsniveau darstellt.
Im Hinblick auf die Einzelereignisanalyse des K=-Verhaltnisses wurde eine Methode
zur Extraktion dieses Verhaltnisses aus Ereignissen stark limitierter Statistik (ca. 400
Teilchen in der Akzeptanz) entwickelt und deren Sensitivitat und systematisches Ver-
halten untersucht (Kapitel 5).
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Trennungsvermogen der Teilchenidentikation S
K;
zwischen
Kaonen und Pionen in Einheiten von Standardabweichungen
als Funktion des Gesamtimpulses p
tot
. Die korrigierten Daten
sind durch gefullte Symbole dargestellt. Die oenen Symbole
entsprechen einem Datensatz ohne die im Rahmen dieser Ar-
beit entwickelten Korrekturalgorithmen.
Mit dieser Methode wurden in zentralen Pb+Pb Stossen bei 158GeV/Nukleon dyna-
mische Fluktuationen im K=-Verhaltnis von nur 2:8% 0:5% ermittelt (siehe Abb. 2).
Die beobachtete Verteilung des Einzelereignis-K=-Verhaltnisses weicht nur geringfugig
von einer rein statistischen Verteilung ab. Damit konnen \kritische Fluktuationen" im
K=-Verhaltnis mit hoher statistischer Signikanz ausgeschlossen werden (Kapitel 6).
Vergleiche mit String-Hadronischen Modellen haben gezeigt, da die lokale Erfullung
von Erhaltungsatzen (z.B. Seltsamkeit, Energie, etc), die implizit in diesen Modellen
enthalten ist, zu Fluktuationen des K=-Verhaltnisses fuhrt, die durch die im Rahmen
dieser Arbeit durchgefuhrte Analyse ausgeschlossen werden konnen. Der Einu von
hadronischen Endzustandswechselwirkungen auf Fluktuationen des K=-Verhaltnisses
wurde mit Hilfe des UrQMD-Models untersucht.
Single Event K/pi ratio












Einzelereignisverteilung des K=-Verhaltnisses (Punkte). Die
durchgezogene Linie zeigt als Referenz die Verteilung des
K=-Verhaltnisses fur gemischte Ereignisse. Aus dem Un-
terschied in der Breite der Verteilungen lat sich das Signal
fur dyanische Fluktuationen von 2:8% 0:5% abschatzen.
Ein Vergleich zu einem thermisch und chemisch equilibrierten Resonanz-Gas hat gezeigt,
da die Fluktuationen des K=-Verhaltnisses die aus der korrelierten Produktion der
beobachteten Teilchensorten durch den Zerfall von hoher angeregten Resonanzen her-
ruhren, das in zentralen Pb+Pb Stoen beobachtete Signal fast vollstandig erklaren
konnen.
Infolgedessen kann das Ergebnis dieser Arbeit durch die Feststellung zusammengefasst
werden, da in zentralen Blei-Blei-Stoen keine wesentlichen Fluktuationen der hadro-
chemischen Komposition gefunden werden. Dieser Befund ware zu erklaren durch die
Annahme eines kollektiven Hadronisierungsprozesses, der chemisches Gleichgewicht in
der entstehenden Hadronenphase erzwingt. Man sieht also durchaus den Einu eines
Phasenubergangs von partonischen zu hadronischern Freiheitsgraden, nur da dieser

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Several decades ago deep inelastic lepton-nucleon scattering revealed the inner structure
of the nucleon. Each nucleon was found to be built of three pointlike elementary particles,
called \partons" in the Parton Model arising from this observation. The gauge theory
of the strong interactions, Quantum Chromodynamics (QCD), later on identied
these partons with the quarks (q) and antiquarks (q) of the static Quark Model pro-
posed by Gell-Mann and Zweig. Experiments have identied 6 dierent types (avors)
of quarks (up u, down d, strange s, charm c, bottom b and top t) and their antiquarks.
However no free quarks have been observed so far despite many experimental searches,
rather they seem to exist only as bound states of quark-antiquarks qq (mesons), or
triplets of (anti)quarks (qqq) qqq.
In QCD three color quantum numbers representing the charges of the strong interac-
tion are introduced to accommodate the fermionic nature of bound states of 3 identical
quarks, e.g. 
++
(uuu). In the QCD vacuum only color neutral objects are allowed to
propagate freely. This is attributed to the fact that gluons, the exchange quanta medi-
ating the strong interaction, carry color charge and thus can interact with themselves.
Color neutrality or color connement for hadrons is realized by combining color and
anticolor (qq) or the exact amount of each of the 3 (anti)colors (qqq) qqq.
Due to the self interaction of the gluons the vacuum polarization induced by a quark
produces an antiscreening eect which spreads out the eective color charge of the quark.
As a consequence the coupling between quarks is small in case of short distances or large
momentum transfers V
QCD
/ 1=r, but increases proportional to the distance V
QCD
/ r
for small momentum transfers or large distances. This eect is often referred to as
\asymptotic freedom". When a quark antiquark pair is separated it becomes energeti-
cally favorable for the color eld to break up and form an extra quark antiquark pair
instead of freeing a bound quark. It was suggested [1, 2], however, that at high energy
densities or high temperatures quarks would behave as essentially free particles forming
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Figure 1.1 Left: in normal nuclear matter the quarks are conned inside nucleons.
Right: In a QGP the quarks are free to move inside the plasma.
The theoretical treatment of the QGP was found to be exceedingly dicult since QCD
can be treated by perturbative calculations only in the case of weak coupling between the
color charges, i.e. at small distances or high momentum transfers. The non-perturbative
part of QCD so far can only be studied by the computational techniques of Lattice QCD,
that places quarks and gluons on a lattice and simulates their interactions.
The phase structure of the QCD is not yet fully understood. A sketch of the phase dia-
gram of strongly interacting matter is shown in gure 1.2. Reliable lattice calculations
exist only for net baryon free matter in which a 2-nd order phase transition or crossover
at T
c
 160MeV is predicted. Recent calculations [3, 4, 5, 6] based on dierent models
reveal the possibility of a 1-st order phase transition at large baryon chemical potentials.
The existence of a tricritical point separating regions of 1-st and 2-nd order transitions
has been predicted. Possible signatures of the transition in heavy-ion collisions are dis-
cussed in [7, 8].
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Figure 1.2 The phase diagram of nuclear matter. The lines describe dierent scenarios in which a
QGP could have been created.
Due to the connement of color charges, only colorless, hadronic nal states can be
observed experimentally. Therefore QGP properties can be studied only indirectly
through the nal hadron distributions or by penetrating electromagnetic probes. The
experimental evidence collected so far suggests that the necessary conditions for a
deconned phase are indeed reached in heavy ion collisions at the highest energies




accelerator facility provides a
208
Pb-beam with a
beam energy of 158 GeV=nucleon, which corresponds to a center of mass energy of
18 GeV=nucleon   pair. The energy density reached in these collisions has been esti-
mated to be about 3 GeV=fm
3
[9] which is to be compared to the nuclear ground state
energy density of 0:15 GeV=fm
3
. The freeze out temperature of the hadronic particle
abundances (\chemical freeze out") can be estimated within thermodynamical models
[10, 11] and was found to be about 180 MeV . An extensive summary of the experimen-
tal evidence, indicating that the initial conditions for a deconned partonic phase have
been reached in heavy ion collision is presented in [12].
1





One of the diculties of the search for the Quark Gluon Plasma is the insensitivity
of inclusive observables to the phase transition itself. It was realized however, that
event-by-event uctuations could provide a direct probe of the existence and nature of
the phase transition [13]. One expects that the uctuation patterns are altered in the
vicinity of the QCD phase transition [14, 15]. This conjecture is supported by recent
calculations in an eective model of strong interactions [16, 17], which suggest that near
a tricritical point in the QCD phase diagram the event-by-event uctuation pattern in
transverse momentum should change signicantly.
A precise measurement of event-by-event uctuation of the average transverse momen-
tum allows for a test of the hypothesis of thermal equilibrium [18] and the extraction of
thermodynamical properties of the system in a model comparison. Model studies [19]
have shown that non-equilibrium models of nuclear collisions based on initial state scat-
tering can be tested by measurements of transverse momentum uctuations. Transverse
momentum uctuations have been analyzed in the framework of many of the commonly
used microscopic models of nuclear collisions [20, 21, 22], focusing in particular on the
question of how the uctuations change when going from nucleon-nucleon to nucleus-
nucleus collisions.
It has been suggested that for a thermodynamical picture of the strongly interacting
system formed in the collision the strength of uctuations is directly related to funda-
mental properties of the system like the specic heat [23, 24] and the compressibility of
matter [25]. A detailed discussion of transverse momentum uctuations in a resonance
gas model can be found in [17].
So far one of the most prominent indications for a change in the particle production mech-
anism due to the collective nature of heavy ion collisions is the relative enhancement of
strangeness production with respect to pions compared to elementary nucleon-nucleon
collisions.








>, an estimate can be
made [28, 29] of the overall freeze out ratio of strange to non-strange quarks in the nal





2  (s+ s)
(u+ u+ d + d)
(1:1)
a value of 
s
= 0:34 0:05 was found in light ion (S+S) collisions at SPS energy [26, 27]
corresponding to a K= ratio of about 0.14 at midrapidity. This compares to a value of

s
= 0:17 0:03 for nucleon+nucleon collisions [28, 29] at the same energy per nucleon,
which results in the often quoted strangeness enhancement by a factor of about 2.
To motivate the study of event-by-event uctuations of the K= ratio it was argued
that for events that have gone through a QGP phase 
s
ideally should approach unity
due to the equal population of up, down and strange quarks.
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Taking into account the presence of u,d valence quarks and the nite s-quark mass a
value of 
s
 0:65 can potentially be reached. Thus \plasma candidate" events might
exhibit a fourfold enhancement of the K= ratio compared to nucleon-nucleon collsions.
However if the initial conditions of the collision are close to the phase boundary the
transition to a QGP phase need not occur in every heavy ion reaction due to the nite
extent and short life-time of the system. Thus events exhibiting the critical behaviour
of a QGP phase transition might be lost in an inclusive analysis, whereas they might
form a high K= tail or shoulder in the histogram of an eventwise determination of that
ratio. Alternatively, if a transition occured in almost every event, and the free enthalpy
dierence between the two phases were high, it was suggested by Mekjian and Kapusta
[30] that a marked overheating-supercooling uctuation might set in about the critical
temperature T
c
, to be reected in a broadening of the event-by-event K= distribution
as the K= ratio increases with T.
The availability of a Pb beam at the CERN-SPS and the resulting central Pb+Pb col-
lisions with an expected multiplicity of over 1000 charged particles allowed for the rst
time to measure the K= ratio on an event-by-event basis with the hope to distinguish
\plasma events" from the normal data, or more generally study the event-by-event uc-
tuations in this observable to investigate the dynamics of heavy ion collisions.
Experimentally however this measurement features the challenging task of covering a
large fraction of phase space with a detector capable of particle identication. One of
the prime design considerations of the NA49-Experiment was to allow for excellent par-
ticle identication over a wide region of phase space in order to provide a statistically
signicant measurement of the chemical composition of the particle source on an event-
by-event basis.
In this thesis we will show that the detector setup of the NA49 experiment is indeed
capable of a high precision measurement of the strangeness content of single Pb+Pb
collisions. The rst measurement of event-by-event avor uctuations in heavy ion
collisions will be presented. We will show in particular that the experimental eventwise
K= distribution puts extraordinarily narrow constraints on the existence of any large
scale uctuation of the K= ratio, thus practically ruling out a pre-critical uctuation
as well as an \exotic event" shoulder. In fact the observed uctuation of about 3% can
be ascribed solely to the statistical sampling of kaons and pions from a xed thermal
equilibrium hadron plus resonance gas at T = 180MeV . If this state results from the
hadronization mechanism of a preceeding partonic phase [12] the hadronisation has to
occur uniformly, in every central Pb+Pb collision, and exhibit no large enthalpy jump.
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2 The NA49-Experiment
2.1 The Experimental Setup
The opportunity to study heavy-ion collisions of
208
Pb-ions at 158GeV /nucleon with an
expected multiplicity of about 1800 charged hadrons gave rise to the idea of an event-by-
event analysis of the hadronic nal state of these reactions. In electron-positron collider
experiments this method has been successfully used to isolate single events showing in-
teresting collective features from millions of irrelevant ones. The NA49-Detector system
was conceived with the goal in mind to gather as much information per event as possible
to enable an event-by-event analysis of many dierent observables. The prime prerequi-
site for such an analysis is large phase space coverage including particle identication.
For a xed target experiment at the CERN-SPS uniform acceptance and satifactory
rapidity coverage put serious and demanding constraints on the detector setup to be
chosen.
The detector concept of NA49 features a wide acceptance magnetic spectrometer con-
sisting of two superconducting magnets of 9Tm bending power and four large volume
Time Projection Chambers (TPC) used for momentum measurement by tracking the
particle trajectory and for particle identication by measuring the specic ionization. In
addition to the tracking system four time-of-ight walls provide further particle identi-
cation capability and calorimeters are employed for measurement of transverse energy
production and for triggering purposes.
A complete description of the experimental setup can be found in [31]. Fig. 2.1 gives a
schematic overview of NA49-detector system. In this chapter the parts of the detector
system relevant to this thesis will be described in more detail.















































































































Figure 2.1 Setup of NA49-Experiment with dierent beam denitions and target arrangements for
a) Pb+Pb, b) p+p, c)p+A collisions. The target position is at the front face of the rst
Vertex Magnet (VTX-1).
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2.2 The Tracking System
The need for a large acceptance, low mass occupation along the particle trajectories
and precise three-dimensional imaging made the Time Projection Chamber the natural
selection. The tracking ability of this detector concept in a high track density environ-
ment has been demonstrated by NA35 and NA36 [32, 33] at CERN, EOS [34] at LBL
1
and E810 [35] at AGS
2
. Since the TPC is often used in particle physics and has been
described frequently in literature (e.g. [36, 37]) only a short introduction to the basic
properties will be given here. Also the operation principles of drift chambers and pro-
portional counters has already been discussed to great detail ([37, 38, 43, 44]). A more
detailed description of the NA49 TPCs can be found in [45] and [46].
A charged particle traversing the gas lled detector volume, ionizes the atoms by Coulomb
interaction with the electrons of the gas molecules. A drift eld of about 100 V=cm
transports the free electrons produced along the particles trajectory with a constant
velocity towards the proportional chamber readout of the detector. There the electrons
are accelerated in the high electric eld around the sense-wires and amplied by gas-
multiplication by a factor of about 10
4
. The signals are picked up on the segmented
cathode plane.
The NA49-Time Projection Chambers
Design and dimensions of the NA49 TPCs are dened by the strong forward focusing of
the particle trajectories due to the xed-target kinematics at SPS energies and magnetic
aperture of the existing magnets. The particle emission angle in the range of 100mrad at
central rapidity and the large transverse momentum kick of 1:5 GeV=c provided by the
magnetic elds suggested the detector setup illustrated in Fig.2.1. One vertex-chamber
(VTPC) is positioned inside each of the two magnets and two large main-chambers
(MTPC) are positioned left and right of beam outside the magnetic eld downstream of
the magnets.
Mechanical Construction
Fig.2.2 shows the mechanical setup of one of the Vertex-TPCs. The backbone of each
TPC is an aluminum support plate to which all the components are xed and which also
denes the geometric position of the detector. The support plates give a reference plane
1
Lawrence Berkeley Laboratory, Berkeley, USA
2
Alternating Gradient Sychrotron at Brookhaven National Laboratory, Brookhaven USA
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for the TPC readout of 50m in case of the VTPCs and 150m for the MTPCs.
Table 2.1 gives a summary of the overall geometrical dimensions of the TPC systems.
dimensions [mm] VTPC-1 VTPC-2 MTPC-L/R
width 2000 2000 3900
length 2500 2500 3900
height 980 980 1800
drift length 666 666 1117
pad length 16, 28 28 40









Table 2.1 Geometrical dimensions of the TPC system
The eld cages and the gas envelopes are carried by the support plates which also
house the readout proportional chambers. The eld cage dening the active volume
of the TPCs consists of aluminized mylar strips of 25m thickness and 12:7mm width
suspended on ceramic tubes placed at the corners of the support frame. The strips are
positioned with a 2mm distance between the strip edges. Each strip layer is set to a
xed potential by a resistor chain connecting the HV-plane (about 13kV ) with ground
potential in order to ensure a homogenous drift eld.
The eld-cage is enclosed in a gas-envelope. This envelope consists of a double layer of
125m mylar foil glued to a double frame system made of 6mm thick berglass-epoxy.
The thin (1 2cm) gas volume between the two foils is ushed with Nitrogen and serves
as high voltage protection and also ensures a minimum of Oxygen diusing into the
sensitive volume.
Choice of Gases
The large particle multiplicities produced in central heavy ion collisions lead to extreme
track densities of up to 0.6 particles per cm
2
in the plane orthogonal to the beam
direction. In order to make pattern recognition of close tracks possible the spatial
extension of the electron cloud drifting in the gas volume, that is mainly given by
diusion, has to be minimized accordingly. Essentially gases with low transverse and
longitudinal diusion coecients have to be chosen. This is especially important since
the MTPCs are operated outside the magnetic eld so one can not rely on cluster focusing
E  B-eects to compensate the diusion of the drifting electron clouds [44]. Fig. 2.3
illustrates the properties of dierent gas mixtures investigated. A parametrisation of the
2.2 The Tracking System 11
Support plate
(readout chambers)
25 µm aluminized 
Mylar strips
125 µm










Figure 2.2 Schematic drawing of the assembly of one of the VTPCs showing the support plate
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/ CO2  90 / 10
Ne / CO2  91 / 9
Ne / CH4  91 / 9
Ar / CH4  90 / 10 
b)
  FWHM prf  
Figure 2.3 FWHM of charge distribution at 60cm drift length for dierent gas mixtures a) in trans-
verse (bending plane) and b) in longitudinal (drift) direction. The limits are given by the
pad response function and the electronics shaping time, are also indicated.
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: Sigma of the Pad Response Function.
D
x
: Diusion coecient in transverse direction
s : Drift length
 : Track angle relative to the pads
l : Pad length
The width of the Pad Response Function (PRF) is a measure of the spatial extension of
the signal induced on the cathode plane by a single electron. In the case of the MTPCs
it is assumed to be of Gaussian shape, depending on the center of gravity of the charge
distribution x and the position x
i
of the i-th neighbouring pad:
P
i








The inuence of the angle  was minimized by rotating the pads to match the ex-





















: Shaping time of the readout electronics
D
y
: Diusion coecient in drift direction




 : Track angle relative to the readout plane
l : Pad length
The pad response function has to be replaced by the shaping time of the readout elec-
tronics. In analogy to  the angle  reects the angle between the particles trajectory
and the readout plane. The nal choice of gas was Ne=CO
2










measured to be 220 m/
p
cm and 270 m/
p
cm respectively, for the two gases, in both
transverse and longitudinal direction. A detailed discussion of the drift processes of
electrons in gases can be found in [44].
Drift elds of 200 V/cm (175 V/cm) correspond to drift velocities of 1.4 cm/s (2.4 cm/s)
in the two types of detectors. In this range, drift velocities are unsaturated, i.e. they
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change almost linearly with electric eld. The exact measurement and control of drift
velocity and its correction for pressure and temperature variations therefore becomes a
key issue.
Another peculiarity of gas mixtures containing CO
2
is a relatively strong electron attach-
ment in the presence of oxygen, which is more than one order of magnitude bigger than
in the standard mixtures containing CH
4
. We have measured attachment coecients of
240 (120) per microsecond and atmosphere of oxygen, for the two gases quoted above
revealing a linear dependence on the CO
2
{content. This leads to attachment charge
losses of 1:2% (0:6%) per ppm of Oxygen over the 50 s drift time in the TPCs. Severe
constraints on gas purity and leak rate have obviously to be imposed.
Attachment due to water contamination could not be observed up to water contents of
several 100 ppm. The dependence of drift velocity on the water content is also relatively




Due to the high track densities, pattern recognition of the charge information from the
sense wires must fail because of multiple hits of single wires. Tracking and energy loss
measurement therefore have to rely on the pad readout only. Fig. 2.4 gives a sketch of
the readout units used in the NA49-TPCs. Seen from the drift space, a gating grid is
followed by a Frisch grid closing the proportional chamber volume made up by 20 m
sense wires interspaced with 125 m eld (zero potential) wires. The signals are picked
up by the back cathode plane which is subdivided into pads. Their dimensions are given
in table 2.2.
dimensions [mm] VTPC-1 VTPC-2 MTPC-L/R wire material
pad/sense wire dist. 3 2 2, 3
sense wire diam. 0.02 0.02 0.02 W-Re (gold plated)
sense wire spacing 4 4 4
eld wire diam. 0.125 0.125 0.125 Cu-Be (gold plated)
eld wire spacing 4 4 4
Frisch grid wire diam. 0.075 0.075 0.075 Cu-Be
Frisch grid wire spacing 1 1 1
gating grid wire diam. 0.075 0.075 0.075 Cu-Be
gating grid wire spacing 1 1 2
Table 2.2 Wire dimensions of the TPC readout chambers










Figure 2.4 Schematic layout of the TPC readout chambers. Note that the drift is vertically upwards
Figure 2.5 Sketch of the HV-supply of the sense wires
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The sense wires of the proportional chamber are set to a potential of  1200V . Fig. 2.5
shows a sketch of the high voltage supply of the sense wires. Note that the wires are
divided into groups. Each group of 6 wires is connected by a common resistor to the
high voltage supply.
The Front-End Electronics
The TPC readout system comprises a total of 182000 pads. The corresponding elec-
tronics system represents a complexity and channel density that can only be handled by
making use of VLSI
1
full custom technology.
The design follows a readout structure rst developed for the EOS experiment [34] and
also adopted by the STAR collaboration [42]. Its function is based on a low event
recording rate of 10-30 per SPS burst and on the absence of higher level trigger de-
cisions requiring fast intermediate buering. Ecient minimization of the number of
components and a high degree of multiplexing are thereby possible even keeping in mind
the very large raw data volume of 100 Mbyte per event. A detailed description of the
electronics can be found in [41].
The complete front-end electronics is grouped on 32 channel cards which are connected
to the corresponding pads on the back plane of the readout chambers. The main com-
ponents are highly integrated into two types of custom designed chips: a 16 channel
preamplier/shaper and a 16 channel analog storage/analog-to-digital converter, both
realized in CMOS technology [39].
The analog pad signal is time-sampled to 512 time buckets over the maximum drift time
of 50 s and stored in a Switched Capacitor Array (SCA) [40] which can be regarded
as a series of 512 capacitors with a sample and hold circuit for each capacitor. After
the readout cycle, the stored charges are digitized by the front-end electronics using a
Wilkinson type ADC.
The typical pulse shape from a laser track in a MTPC is presented in Fig. 2.6. The
signal shows a Gaussian shape, with a short-term undershoot of about 5% aecting
the base line up to about 1 s (corresponding to a space dimension of several cm) in
the neighbourhood of each track (Fig. 2.6a). At larger times, the signal is followed by
a complex overshoot/undershoot structure of the level of less than 0:5% (Fig. 2.6b).
These features are connected to the principle of pad readout and are not taken out by
the shaping stage since the necessary long time constants cannot be realized in VLSI
techniques. As practically no positive ions arrive at the pad plane, the time integral over
the signal has to be zero. Hence a negative undershoot occurs which starts at about
5 s and continues beyond the TPC open time. In high track density environments,
1
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Figure 2.6 Time response of NA49 electronics a) for times up to 3s b) for later drift times 5 50s.
Note the dierence in the vertical scales.
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this undershoot results in a baseline shift due to tail superposition which looks like an
eective charge loss as function of drift distance. In central Pb+Pb collisions this eect
may reach several percent of the mean pulse height, thus aecting the quality of dE=dx
determination. The o-line corrections developed in the framework of this thesis in order
to correct for this eect will be introduced in chapter 4.4.
Another observation, again depending on track density, concerns changes of both chan-
nel gain and base line oset, which depends on the input charge load on each chip. This
has to do with the diculty of proper channel decoupling in a high component density
VLSI environment. As a result, the apparent channel gain can vary by up to 10% de-
pending on the pattern of the input charges on each chip, and on the chip position on
the front-end cards. This precludes the possibility of performing electronics calibration
using pulsing of the eld wires, as in this case all channels of a full readout module are
loaded simultaneously. Alternative methods of gain calibration had to be developed for
the analysis presented in this thesis (see chapter 4.3).
The charge integrating stage of the preamplier has a 12 bit dynamic range. In some
instances this capacitor can saturate in the high track density areas of the detector lead-
ing to an abrupt loss of charge measurement for times beyond the saturation point on
the aected channel.
Data Acquisition and Storage
The digitized information is transferred by at ribbon cables to Control and Transfer
boards also located on the TPC support plates. Here data are multiplexed and sent to
the counting house on bre optical links.
Receiver boards (3072 channels per board) mounted in a VME crate system perform
digital data processing tasks including pedestal calculation and subtraction, zero sup-
pression, noise rejection and event buering, using Motorola DSP 96000 processors. In
this stage the data volume is compressed to less than 10% of its raw volume such that one
complete event corresponds to about 8 Mbyte of data for central Pb+Pb interactions.
This is achieved by only recording data-pixels if two consecutive time bins of a given
channel are above a xed threshold and thus rejecting all time bins containing noise or
zero information. In a high track-density environment this xed threshold cut turned
out to be problematic, because electronics deciencies and properties of the readout
chambers can lead to apparent baseline shifts for the charge measurement. Applying
a xed threshold cut to data with a changing baseline leads to systematic eects in
the ionisation measurement. The methods developed to correct for this eect will be
discussed in chapter 4.5.
The event rate is 25-30 per SPS burst (4.8 s for Pb-beam, 2.37 s for p-beam). After
online data compression the events are written to a SONY DIR-1000M 19 mm tape
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recorder which can operate at a transfer rate up to 16 MByte/s.
The Laser System
In order to assure the correct evaluation of all TPC operating parameters we need an
internal reference.The NA49 Laser System was designed to provide well dened reference
data inside the detector to gain information about its performance. This system is based
on a pulsed Nd-YAG laser equipped with 2 frequency doublers and delivering a power
of 4mJ per pulse at a wavelength of 266 nm. The laser beam can be directed with
an automatic steering system towards any one of the four TPCs. There it is split and
directed vertically down into the ceramic support tubes placed in the corners of the
eld cages. Auxiliary ceramic tubes inside these columns carry 6 beam splitters at 45
degree angle which reect the UV light, through quartz windows, into the TPC drift
volume. The auxiliary tubes can rotate in steps of 3 degrees driven by a pneumatic
precision stepping mechanism. Beam positions are recorded and stabilized via position
sensitive laser diodes (PSD) and autocollimation using steering with stepping motors
and piezoelectric tripods. The schematic layout of one laser beam system is shown in
Fig. 2.7a. Laser beams in up to 200 precisely dened positions can thus be produced,
spanning the entire TPC volume.
The laser system has been successfully used in the study of tracking performance and
all kinds of track distortions. In particular, it has been indispensible for the control of
the large EB distortions due to a inhomogenous magnetic eld, and their correction.
Residual distributions with respect to straight-line ts in horizontal coordinates are
shown in Fig. 2.7 b, c, without and with the calculated EB corrections. It has also
given valuabale input to the understanding of the systematic eects of the ionization
measurement, by providing a dened charge deposition in order to study the response
of the readout electronics.
2.3 The Trigger System
The NA49 detector is located in the H2 beam line of the North experimental hall of
the SPS. This line transports a fraction of the extracted heavy ion beam or a variety of
secondary beams produced from primary protons to the experiment. A set of upstream
scintillation or

Cerenkov counters and beam position detectors, see Fig. 2.1, provides
precise timing reference, charge and position measurement of the incoming beam parti-
cles.
In order to select events at a trigger level of a few percent of central interactions, the
energy ux remaining in forward direction is measured by a Veto Calorimeter (VCAL





























Figure 2.7 Optical layout of the Laser system of one TPC (Top Panel).
Residual distribution with respect to a linear t to laser tracks in the bending plane
without (Lower Left Panel) and with (Lower Right Panel) EB correction.
















































































Figure 2.8 Energy spectrum of Veto Calorimeter in Pb+Pb interactions.
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in Fig. 2.1) placed about 20m downstream from the target behind a collimator. The
opening of the collimator is adjusted such that beam particles, projectile fragments and
spectator neutrons and protons can reach the calorimeter.
The Veto Calorimeter, constructed originally for the NA5 experiment [54], consists of a
lead/scintillator section of 16 radiation lengths followed by an iron/scintillator section
of 7.5 interaction lengths.
The energy resolution can be parametrized by (E)=E = 1:0=
q
(E(GeV)). Fig. 2.8a
displays the energy spectrum observed in Pb+Pb collisions at 158 AGeV [55]. Discrim-
inating the analog energy sum signal thus allows a selection on the centrality of the
observed collision. A typical threshold setting at E
veto
 10 TeV corresponds to about
5% of the Pb+Pb interaction cross section and an impact parameter below 3:5 fm as
illustrated in Fig. 2.8b.
2.4 Coordinate Systems, Variables and Denitions
Coordinate Systems
The NA49 coordinate system in which the particles trajectories and momenta are mea-
sured (see Fig. 2.9) is dened by the beam axis and the drift direction of electrons in the
drift eld of the TPCs. The nominal beam axis represents the z-axis of the coordinate
system, the y-axis is dened by the drift direction. The x-axis is chosen perpendicular
and also represents the bending direction of the magnetic eld in a right handed coor-
dinate system.
The raw data of the TPCs however is coded in the hardware coordinate system, dened
by the layout of the detectors and the data acquisition system. The segmented cathode
planes of the TPCs are parallel to the x-z plane, thus each pad corresponds to a x-z co-
ordinate. Its position within detector setup is decoded by TPC number, sector number,
pad-row number and position within a pad-row. The pad-rows are ordered along the
z-axis, pads along the x-axis. The drift time of signals in a given channel is subdivided
in 512 time bins, thus the time bin number corresponds to the y-coordinate. Table 2.3
gives summary of the number of pads, pad-rows and sectors per TPC.
VTPC-1 VTPC-2 MTPC
number of sectors 6 6 25
number of pad-rows 72 72 90
pad-rows per sector 24 24 18
pads per pad-row 192 192 192 (HR)
128 (SR)
Table 2.3 some numbers concerning the readout planes of the TPC system.
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Figure 2.9 The NA49 Coordinate System.
Fig. 2.10 gives a sketch of location and numbering of the sectors in the NA49-Setup.
A detailed description of the algorithms used for transformation from the hardware to
the NA49 coordinate system can be found in [56][57][58].
To make the understanding of the later chapters easier it is necessary to establish some
terminology rst:
 Pad planes. Plane in pad and time direction at a xed pad-row.
 Time planes. Plane in pad-row and pad direction at a xed time bin.
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Choice of Variables
The phase space of the particles produced in a heavy ion collision is dened by the three








being the momentum component
in beam direction. Owing to the azimuthal symmetry of central events the momen-
tum components perpendicular to the beam axis are substituted by the transverse
momentum p
T

















The transverse momentum is invariant under Lorenz transformations in beam direction,
e.g. transformations from the laboratory frame to the center of mass frame of the
collision. This is not the case for the momentum component p
z
in the beam direction.
Thus for this degree of freedom a dierent variable, i.e. rapidity y is chosen which
allows for a simpler transformation behaviour.
y = tanh
 1
 with  = v
z
=c (2:6)
Rapidity, as dened in equation 2.6, is a measure for the longitudinal velocity of a
particle. A longitudinal Lorenz transformation is represented by a constant shift along



























3 Analysis of TPC-Data
Starting from the raw data recorded by the data acquisition the NA49 reconstruction
software faces the challenging task of reconstructing the trajectories of over 1000 charged
particles by evaluating charge pixels measured by the TPC tracking devices. In order
to make maximum use of the available information it is necessary to combine the data
measured by the four local TPCs and treat the whole NA49 setup as one \global" de-
tector system. The analysis software providing the unication of the detector system
will thus be refered to as the \Global Tracking Chain".
This approach serves a twofold purpose: it combines the superior momentumdetermina-
tion of the vertex TPCs inside the magnetic eld with the excellent particle identication
capabilities of the large volume main TPCs and it also facilitates the pattern recognition
by extrapolating tracks well separated in one detector to the high track density region
of another.
3.1 The Global Tracking Scheme
The NA49 global tracking is based on a strategy of data reduction by rst translating the
hits in the detector into space points and then connecting these by pattern recognition
algorithms. The space points are generated by identifying continous regions of charge
pixels above threshold, so called \clusters", which are then connected to form \tracks".
The algorithms used are set up to search for tracks originating from the vertex rst, be-
cause they oer the best constraints for momentum reconstruction and are thus easiest
to nd. Removing the easy and well dened tracks from the sample leaves a moderate
multiplicity of special cases. The order of the pattern recognition steps are given by the
general properties of the dierent detectors.
The MTPCs have a simple track model (straight-lines) which facilitates pattern recog-
nition, but only tracks originating from the vertex can be assigned a momentum that
denes a unique trajectory, due to the absence of a magnetic eld in the detector.
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The VTPCs on the other hand have a good momentum resolution independent of the
vertex because of the direct measurement of the track curvature, but suer from a high
track density and a complex track model of a helix distorted by inhomogenities in the
magnetic eld.
Combining these constraints with the idea to get predictions from the well dened tracks
in one TPC into another part of the detector results in the procedure as follows:
 Cluster search in all four detectors.
 Straight tracks are reconstructed in the MTPCs.
 Vertex tracks are identied in the MTPC track sample and get a momentum
assigned.
 MTPC vertex tracks are extrapolated to VTPC2 and clusters are collected along
these predictions.
 Clusters from tracks in MTPC with predicted but not identied match in VTPC2
or from MTPC tracks which could not be extrapolated are set free.
 All remaining tracks are reconstructed in VTPC2.
 New VTPC2 tracks are extrapolated to MTPC and clusters are collected along
these predictions.
 VTPC2 and MTPC tracks are extrapolated to VTPC1 and clusters are collected
along these predictions.
 Clusters from tracks in MTPC with predicted but not identied match in VTPC1
are set free.
 All remaining tracks are reconstructed in VTPC1.
 New VTPC1 tracks are extrapolated to MTPC and clusters are collected along
these predictions.
 All remaining (also special kink) tracks are searched in MTPCs.
This rather complicated approach subsequently identies the clean and easy patterns
and removes them from the sample to make the more complicated patterns emerge which
then can be identied reliably. At the same time it provides a matching between the
detectors.
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The Software Packages
The main algorithms of this tracking scheme are listed below. The parts relevant to the
analysis presented in this thesis will be described in more detail in the later chapters.
 clusternder (DIPT)
 local trackers (MTRAC, PATREC)
 momentum tting (MTRAC, R3D)
 track extrapolation and matching (MPAT)
 helper clients (distortion clients, dE/dx clients, etc.)
The Cluster Finder
The cluster nder generates space points from the charge pixels in the TPC. The zero-
suppressed raw data of all TPCs is expanded pad-row wise and searched for connected
areas of charge in the pad-time plane. The cluster nder employs a so called chain code,
i.e. for each pixel above threshold, the 4 next neighbours are added to a list if they
are above threshold and are not already in the list. This list is followed until no more
new pixels are found. The selected connected areas are then searched for maxima using
a converging center-of-gravity algorithm which eectively "walks uphill". The found
maxima dene the cluster positions that are handed over to the tracking algorithms.
Two merged clusters resulting in a single connected area of measured charge can only
be resolved into two space points if at least two distinct maxima can be identied and
are separated in the pad-time plane by a minimal distance of 3 pixels.
The Local Tracking
The local tracking in the dierent TPCs is performed by rather simple follow-your-nose
trackers that step through the pad-rows and collect points tting the given track model.
In the MTPCs (no magnetic eld) a straight line model is applicable. In case of the
VTPCs inside the magnets the tracking relies on a helix model. Due to inhomogenities
of the magnetic eld a helix model does not t the actually observed tracks in the outer
regions of the detector very well, which made compromises in the choice of tracking
tolerances necessary. In combination with the global tracking scheme which takes out
most of the vertex tracks before the local VTPC-tracking is invoked this simple track
model was found to give reliable results. Tracks found in the local tracking step will be
called \local tracks" in the following chapters.
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The Track Matching
The philosophy of how to combine the information of the local trackers is to provide -
starting from an identied local track in one TPC - pseudo-points in the other TPCs
traversed by this track. This is achieved by extrapolating this track over the whole
length of the experiment, using the TRKSTEP package [60]. The resulting pseudo-
points can then be used to collect points along the predicted road and thus create
tracks. This method - especially in regions of high track densities - is much easier and
faster than a follow-your-nose tracking approach. In the VTPCs these pseudo-points
are provided every 4 cm, in the eld-free MTPCs 2 points at entry and exit suce.
The tracks generated in the track matching step will be referred to as \global tracks".
This approach relies on a precise knowledge of the detector geometry and alignment.
Detailed information on the method and precision of detector alignment can be found
in [31][56][57][58].
3.2 The Quality Assurance
Correlation measurements in a high track density environment demand a very robust
tracking algorithm. As it turned out in previous analysis (e.g. [59]) a big source of
systematic errors in any correlation measurement is the multiple detection of a single
particle in dierent parts of the detector system. A close inspection of the NA49 data
reconstruction software revealed that a non-negligible number of tracks in each event
were found to be split into two or more parts due to ineciencies in the pattern recogni-
tion algorithm. The splitting of tracks leads to track pairs that are close in momentum
space. Fig. 3.1 shows the 4-momentumdierence Q
inv
of track pairs within single events


















The unphysical enhancement of track pairs in the vicinity of Q
inv
= 0 fakes an eect of
correlated particle production. The following chapter describes the methods developed
within the framework of this thesis of merging or rejecting split tracks in order to protect
correlation measurements from artefacts caused by the pattern recognition.
To identify and merge split tracks and evaluate the quality of a given track three measures
are calculated:
 The number of potential points.
 The average geometrical distance to the closest of all other tracks.
 The 4-momentum dierence Q
inv
(as dened in equation 3.1) to the closest of all
others tracks.











Distributions for a track sample without split track recognition (dashed line) and
for a track sample after merging of recognised splits and rejection of bad tracks (solid
line).
The number of potential points is calculated by extrapolating each track to the z-
coordinates of the padplanes of all TPCs and checking if the calculated x-y coordinates
lie within the active volume of the detector. Fig. 3.2 shows the distribution of found
and potential points in a sample of 10 central Pb+Pb events. The spikes in the po-
tential point distribution reect the number of pad-rows in the dierent TPCs, 72 for
the vertex-TPCs, 90 for the main-TPCs and 162 for the combination of vertex-TPC 2
and the main-TPC. The shift of the found point distribution to lower numbers is due to
the nite cluster nding eciency. This eect is most prominent in vertex-TPC 1 only
tracks, which have on average 45 potential and 25 found points.
Split Track Recognition
To identify split tracks it is necessary to test the hypothesis that two tracks are pieces
of a single particle trajectory for every possible track pair of a given event. In central
Pb+Pb events this results in a huge number of combinations and thus long computing
time. Facing the task of reconstructing on the order of 10
6
events, computing time is a
key issue in the choice of algorithms. Keeping this in mind the split track recognition
program consists of a multi step process of reducing the number of combinations and
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points on track







Figure 3.2 Number of found points (dashed line) and potential points (solid line) of global tracks
identifying split candidates rst and then testing the candidates with more time con-
suming algorithms.
The following checks are performed to identify split candidates. Their order is given
by the computing time:
1. More than 10 found points per track.
2. Both tracks must have a momentum assigned.
3. Both tracks must have the same charge sign.
4. the ratio of the sum of the found points on both tracks and the sum of their
potential points must be smaller than 0:5.
5. Small 4-momentum dierence Q
inv
(typically < 50MeV ). The top panel of Fig.
3.3 shows the found to potential point ratio plotted against the Q
inv
of the given
track pair without the quality assurance client. The split track candidates show
up in the lower half of the plot at small Q
inv
.
6. The tracks must not overlap (i.e. have points on the same pad-row).
7. The track pair must be geometrically close. This is checked by extrapolating both
tracks to the center of gravity of the z-coordinates of their combined points and
by calculating the distance of the extrapolated trajectories in the pad-time plane.
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qinv [GeV/c]







































Figure 3.3 Sum of found points divided by the sum of potential points for a given track pair plotted
against the four-momentum dierence qinv. a) without split track recognition. b) with
split track recognition.






















































distributions for dierent track samples taken from 100 central Pb+Pb events.
Left column: track sample without split track recognition.
Right column: Track sample after merging of recognised splits and rejection of bad tracks.
a) combinations of track pairs seen only in the same sub detector (local tracks)
b) combinations of tracks seen in vertex-TPC 1 and vertex-TPC 2.
c) combinations of tracks seen in only one vertex-TPC and a main-TPC.
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The split track candidates are then tested by combining the points of the tracks and
performing a momentum t for the joined track. Then the average deviation of the
points belonging to the input tracks from the trajectory tted to the combined track
is calculated. Only tracks for which the deviations of the points is consistent with the
spatial resolution of the detector are merged. The bottom panel of Fig. 3.3 shows the
found to potential point ratio plotted against the Q
inv
after the track merging routines
have been applied and bad tracks (see below) have been rejected. The fraction of merged
tracks is given in table 3.1.
The top panel of Fig. 3.6 shows typical examples of split tracks. The Q
inv
distributions
for the corresponding track samples are shown in Fig. 3.4 The main reasons for split
tracks are:
 The need for long extrapolation distances (cases 4 and 6, Q
inv
distribution c.).
 Short tracks that have to be matched in areas of large uncertainties in the cluster
position. Along the edges of the VTPCs the magnetic eld is not parallel to the
drift eld, which results in large E  B distortions/corrections and less precision
in the cluster position. In these regions the tracks also have a large crossing angle
relative to the pads, which causes the cluster shape to deviate from the Gaussian
shape assumed in the cluster nder and also results in a uncertainty of the cluster
position (case 3, Q
inv
distribution b.).
 In regions of low cluster nding eciency like in the vertex-TPC 1 due to large
track angles relative to the pads it can happen that too many consecutive clusters
are missed, resulting in a gap which cannot be bridged by the pattern recognition
algorithms (case 2, Q
inv
distribution a.).
 High local track density can lead to the follow-your-nose tracker picking up points
from a dierent track or points formed from noise clusters. The assignment of
wrong clusters will then spoil the prediction in the next pad-row and cause the
tracker to miss the rest of the track (case 5, Q
inv
distribution a.).
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The extrapolation routine used for the calculation of the potential points allows to
identify two further classes of tracks that need to be excluded from the track sample:
 Spiral Tracks:
In the extrapolation algorithm used for the potential point calculation tracks that
reach a 90

angle with respect to the beam direction during the extrapolation
back to the vertex are recognized. These tracks are often due to low momentum
particles (mostly delta electrons) spiraling in the magnetic eld of the VTPCs that
are partially tracked by the pattern recognition. They get marked and will not be
included in the data-analysis. Some typical examples of tracks identied as spirals
are shown in the bottom panel of Fig. 3.6.
 Tracks without momentum:
In some cases the momentum reconstruction algorithm fails and a track does not
get a proper momentum assigned. Possible reasons for this are multiple scattering
or kinks in the track due to the decays of the particle within the detector. Also the
pick up of noise clusters or clusters belonging to a dierent track by the pattern
recognition can cause the momentum reconstruction to fail. Conversions of -




-pairs is a further source
of tracks that cannot be tted. These tracks are especially frequent in the MTPCs.
The bottom panel of Fig. 3.7 shows the distribution of tracks without momentum in
the detector system for a single central Pb+Pb event. As a reference the top panel of
this gure shows the distribution of good vertex tracks, illustrating the track density in
the dierent regions of the detector system.
Note that the need of reducing combinatorics for the split track recognition makes us
heavily rely on the momentum assignment to the track pieces. If a piece does not get a
momentum assigned it is not possible to merge the track. This is also problematic in the
case of very short track pieces, because the uncertainty in the momentum assignment
is a function of the number of points on track. The eciency of merging short tracks
is less than 100%. The short track pieces can be rejected by requiring a track to have
more then 50% of its potential points found. Fig. 3.5 shows the ratio of found points
and potential points on vertex tracks.
Table 3.1 gives a summary of the frequency of the special cases described above oc-
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Figure 3.5 Ratio of found points to potential points of vertex tracks. An ideal detector would give
a delta function at 1.
curring in central Pb+Pb events. Tracks identied as spurious by the measures of the
quality assurance client have to be excluded from the track sample used for data analysis






w/o momentum 360.7 21.49%
Table 3.1 Number of tracks found per event (central Pb+Pb) in the dierent track
categories dened by the quality assurance client.
The evaluation of tracking eciency is done dierentially in small phase space bins
because the eects described above may vary strongly in phase space. A detailed de-
scription of evaluation of tracking eciency can be found in [62]. The analysis presented
in the following chapters is restricted to tracks visible in the MTPCs because of the
need of particle identication. For these tracks the tracking eciency was found to be
95 100% and since only ratios of particles will be considered no correction for the small
ineciency was done.



























Figure 3.6 Track classes as identied by the quality assurance client.
Top panel: Split tracks.
Bottom panel: Spiral tracks.
1 indicates the target position.
The dierent cases of split tracks 2-6 are discussed in chapter 3.1.





















Figure 3.7 The top panel shows the geometrical distribution of vertex tracks of a single event that
have enough points in the MTPC to be used for particle identication.
In the bottom panel the tracks of the same event are shown that fail the cuts ensuring
track quality. This track sample consists mostly of tracks that can not be assigned to the
main vertex and -conversions only visible in the MTPC.
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4 Particle Identication
Given the laboratory momentum and the charge of a particle measured by the recon-
struction of its trajectory in the magnetic eld we need to determine its mass in order
to identify the particle species. In the following chapter the mass determination by
measurement of the specic ionization in the tracking detectors will be discussed.
4.1 The Bethe-Bloch Formula
A charged particle traversing the active volume of the detector ionizes the chamber gas
by Coulomb interaction with the electrons of the gas molecules. Thus the particles
leave a trace of free electrons and ions along their trajectory. The specic ionization
of a charged particle is only a function of its velocity and its charge. In a magnetic
spectrometer one measures the particle momentum through the curvature of its track
in the magnetic eld. An additional measurement of the ionization, i.e. the particles
velocity, opens the possibility of determining the particle species. The relation between




















where c is the velocity of light.
The mean dierential energy loss dE per unit path length dx the particle suers by
ionization was rst calculated by Bethe and Bloch for particles heavier than electrons
([63],[64]). Under the assumption of a cylindric electric eld surrounding the incident
particle, the momentum transfer on an electron by the transverse component of the
electric eld can be calculated. Integration over all energies lost to the individual atoms
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: rest energy of the electron
z : charge of incident particle
N : number density of electrons in the matter traversed
e : elementary charge
 : v=c of the incident particle
c : velocity of light
I : mean exitation potential
At non-relativistic energies, dE=dx is dominated by the overall 1=
2
factor and decreases
with increasing velocity until about v  0:96c, where a minimum is reached. Particles
at this point are referred to as minimum ionizing particles. As the energy increases
beyond this point, the term 1=
2
becomes almost constant and dE=dx rises due to the
logarithmic dependence of 4.2.
Later it has been found that the relativistic rise would not continue to indenitly large
velocities ( ! 1). This fact was attributed to a coherent polarization of the surrounding
atoms which thus shield the eld of the travelling particle. Fermi [53] calculated a





























Further it has to be taken into account that for the case of gas drift chambers equation
4.3 cannot describe the energy loss, because high energy transfers will result in an
electron that is knocked out of the atom and will form a separate track. The ionization
of this track can usually not be attributed to the rst track. To reect this a maximum
momentum or energy transfer, the so called \cut-o"energy E
max
has to be introduced
into the calculation [49]. Energy transfers larger than the \cut-o"energy will not be






































In the limit  ! 1 the velocity dependence vanishes and the restricted energy loss
reaches the \Fermi plateau". This equation now also holds for electrons.
Since the analysis presented in the later chapters relies heavily on predictions of the
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specic ionization of a particle given the measured momentumand a mass hypothesis it is
necessary to measure and parametrize the shape of the Bethe-Bloch function as precisely
as possible. The measurement is described in sections 4.2 and 4.3. As parametrization of
the () term we use a description that was introduced by Sternheimer and Peierls[50]:
 = 0 for X < X
0








< X < X
1








(). The exponentm was found to be 3 for all materials, the quantities
X
A




result from the boundary
condition that 4.4 should be a smooth function at X = X
0
and X = X
1
. Instead of
calculating the parameters from rst principles, it was shown by Ambrus [51] that this
model can also be tted to experimental data by considering the parameters depending




























and a are now the free parameters to be
tted to the data. E
0
contains all constant factors of the Bethe-Bloch-equation and
determines the normalization of the curve. K adjusts the shape of the curve around the
minimum. Also the parameters X
A
and a calculated by Sternheimer and Peierls from
properties of the medium are now tted to the data, with X
A
giving the magnitude of
the relativistic rise and modelling the shape of the transition from the logarithmic rise

























Fig. 4.1 shows the shape of the Bethe-Bloch function parametrized by this method for
dierent particle species plotted against their laboratory momentum.
4.2 dE/dx - Measurement
In a TPC usually the amount of ionization of the chamber gas by the charged particles
is measured but not the energy loss. However one assumes a proportionality of these

























Figure 4.1 Bethe-Bloch functions for dierent particles. The transformation from dE=dx() !
dE=dx(p) with  = p=mc results in the separation of the dierent particle species
according to their mass. The truncated mean is given in units of the ionization of a
minimum ionizing particle [MIP].
measures and thus these measures will be treated as equivalent in the following chapters.
Concerning the measurement of dE=dx one has to keep in mind that the energy loss of
a particle is not a Gaussian distribution around its most probable value, but in the case














 here denotes the deviation from the most probable energy loss ()
mp
: normalized to






The tail to high energy losses accounts for the possibility of large energy tranfers by
hard collisions with electrons of the gas molecules (-electrons). Fig. 4.2 shows a Lan-
dau distribution as it is observed in the main-TPCs.
To get a precise measurement of the ionization, it is sampled in small steps along the
particle trajectory (e.g. on each pad-row of the TPC). The ionization is then estimated
by an appropriate averaging procedure of the statistically independent samples.
Due to the tail of the energy loss distribution its characterization is not straight forward.
A simple averaging of the samples is of course possible, but is, due to the large uctu-
ations of the ionization, not very precise. In case of a limited number of samples the
precision can be increased by the truncated mean method. By rejecting the 35% highest
samples of the ionization-distribution the asymmetric part of the Landau distribution is
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clustercharge/<dE/dx>min. ion.










Figure 4.2 Energy loss distribution for particles (mostly 
 
) of momentum p  8:5GeV=c. The
shape reects a Landau-distribution of the energy loss in a thin absorber. The mean
energy loss hi is shifted to high values and the most probable value 
w
is indicated at
the maximum of the distribution.
<dE/dx>/<dE/dx>min. ion.








Figure 4.3 Distribution of ionization samples on one track. The shaded area illustrates the samples
used for the calculation of the mean after truncation.
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split from the Gaussian part. The most probable value of the Landau distribution can
then be estimated by the mean of the Gaussian distribution remaining after truncation.
Fig. 4.3 shows an example of the truncated mean procedure applied to a track consisting
of 88 independent samples of the particles' ionization of the chamber gas. The shaded
area represents the samples used for calculating the mean after truncation.
4.3 Calibration of the Ionization Measurement
The precision measurement of the specic energy loss and its use for particle identi-
cation was one of the principal goals of the NA49 tracking system. Due to the xed
target setup the momentum distribution of reconstructed tracks varies from a few hun-
dred MeV=c up to 100 GeV=c. This measurement spans the full range of the energy
loss function from the sub-relativistic 1=
2
dependence for kaons and protons through
minimum ionization into the relativistic rise and up to the Fermi-plateau for pions and
electrons. In order to achieve a good separation of the dierent particle species over
the full range of measured momenta it is important to precisely calibrate the ionization
measurement and to understand all systematic eects of the detector response.
The rst part of the calibration procedure deals with the electronics and gas gain. This
calibration is done in two steps. First the single channel electronics gains within each
sector are calibrated by releasing a known number of electrons into the TPC drift space.
Injection of radioactive
83
Kr gas can serve this purpose. This method has been devel-
oped by the ALEPH collaboration [65]. The second step is the relative calibration of
the dierent sectors. This information cannot be obtained precisely enough from the
krypton calibration since the sense wire voltages of the readout modules is dierent from
the data taking modes in the krypton measurement. The energy deposition of a krypton
decay is an order of magnitude higher than that of a minimum ionizing particle. A
detailed description of the NA49 krypton calibration can be found in [31] and [46]. A
novel method of inter-sector calibration has been developed in the framework of this
thesis and will be presented in the following section.
Inter-Sector Calibration
A precise relative calibration of the response of each sector has been found to be the
key ingredient for an optimal particle identication by the measurement of the specic
ionization. This is due to the strong correlation between particle momenta and the po-
sitions of the various readout sectors, as illustrated in Fig. 4.4a. As a consequence a
sector of a given TPC measures particles of a certain momentum range and thus probes
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only a limited range of the energy loss function, as shown in Fig.4.4b. A misalignment
of the sector gains will result in a distorted shape of the energy loss function as illus-
trated in Fig. 4.5 which shows the ionization as a function of the particle momenta for
uncalibrated MTPCs (top panel) compared to the calibrated MTPCs (bottom panel).
The origin of the distorted shape shown for the uncalibrated TPCs is the choice of gas
amplication in the readout chambers according to the dynamical range of the pream-
plier/shaper units. A value of 75 ADC-counts for the mean maximum ADC value of
clusters measured in a given sector type was found to be a good compromise between
signal to noise ratio and use of the dynamical range. The top panel of Fig. 4.6 shows
the mean maximumADC values for the dierent sector types as measured with the gain
settings of the '96 data taking period. Combining this with the average number of pads
per cluster of  3:5 for the standard resolution sectors and  4:5 for the high resolution
sectors one obtains the ionization distribution shown in Fig. 4.5.
Earlier attempts of inter-sector calibration in separate data taking runs (e.g. [46])
often failed to yield consistent results due to the operation of the detector system under
dierent conditions in the calibration run compared to real data taking modes.
The new approach developed for the analysis presented in this thesis relies on particle
data measured in production runs only. The philosophy is to rst measure the shape of
the Bethe-Bloch function and parametrize it as seen by the detectors and then adjust the
sector gains so that the observed average energy loss of the measured particles matches
the parametrization.
The measured ionization I
i
of a given particle species i at a xed value of total mo-
mentum p is determined by the gain A of the TPC-sectors it traverses and the Bethe-













Looking at the ratio r
i;j
of the ionization measured for dierent particle species i; j at
the same value of total momentum one sees that the sector gains cancel, since particles




























The value of the ratio will depend only on the shape of the Bethe-Bloch function. By
measuring the ratio r
i;j
for all possible combinations of particle species over a large range
of total momentum it is possible to measure the shape of the Bethe-Bloch function. Fig.
4.7 shows the ratios r
i;j
for electrons, kaons and protons relative to the ionization mea-
sured for pions as a function of total momentum. The values are obtained by unfolding
dE/dx spectra generated from uncalibrated data in bins of total momentum. By calcu-
lating the corresponding ratios r
i;j
from the parametrization of the Bethe-Bloch function
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Figure 4.4 a) Dependence of momentum p
tot
of a given track on the position x in the bending plane.
The value of the x-coordinate is given by the position of the endpoint of the track in the
MTPC.
b) Dependence of the measured ionization on the position x in the bending plane.
The gaps in the distributions reect the gaps between the sectors of the main-TPC.
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high resolutionstd. res.standard resolution’
Figure 4.5 Ionization measurement plotted against the particles momentum for the uncalibrated
TPCs (top panel) and the calibrated TPCs (bottom panel). The horizontal lines indicate
the momentum ranges seen by the dierent sector types.





























Figure 4.6 Properties of the clusters measured in the dierent sector types. The sector rows are
numbered counting from the beamline. The innermost sectors (row -1,1) are of high
resolution type (192 pads per pad-row). The outer sectors are of standard resolution
(row -2,2) and standard resolution' type (row -5 - -3 and 3 - 5) consisting of 128 pads
per pad-row each. Top panel: Mean maximum ADC per cluster. Bottom panel: Mean
number of pads per cluster.











































Figure 4.7 a) Measured ionization of a particle relative to the ionization of a pion as function of
total momentum p. The lines represent the parametrization of the Bethe-Bloch function,
the symbols are measured data.
b) Data points of the upper panel as a function of .
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given in equation 4.6 it is possible to t the parameters of the equation to the data. The
t is indicated in Fig. 4.7 by the solid lines.
Once the shape of the Bethe-Bloch function is known the sector gains A
sec
can be de-
rived by measuring the ionization of the pions I
;meas:
separately for each given sector














The ionization of the pions I
;meas:
traversing a given sector is calculated by selecting
tracks that can be identied as pions as illustrated in Fig. 4.8a and calculating the trun-
cated mean for their clusters collected in this sector. The dependence on the momentum
of the selected particles is taken out by scaling the cluster charge by a factor derived
from the prediction of the Bethe-Bloch parametrization. The truncated mean calculated
from the selected clusters thus immediately yields the gain factor A
sec
of the sector in
question. Fig. 4.8b shows an example of such a Landau-distribution for a given sector.
Pad Crossing Angle
The correction for the pad crossing angle takes into account the dierent path length of a
particle sampled on a given pad-row. The longer the path length the more ionization will
be sampled. The corrected ionization (I
corr
) is calculated from the measured ionization
(I
meas
) by a purely geometrical correction depending only on the track angles (dip





 cos   cos  (4:12)
In general this correction method is only true for a Gaussian energy loss distribution,
but in case of the small track angles observed in the MTPC it will also hold for a Landau
distribution.
Gas Gain
The gas gain in the proportional wire chamber depends on the pressure and temperature
of the chamber gas. Since the detector system is located in a climatized environment
which allows to keep the temperature stable within 0:1

, the gas gain should depend on
atmospheric pressure only. The pressure is monitored continously and is stored on tape
together with the TPC data. Since the dependence of the observed ionization on the

























Figure 4.8 a) Selection of pion tracks used for inter-sector calibration.
b) Example charge distribution for clusters on identied pion tracks within one sector.
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of function 4.13 are determined and used to normalize the ionization
measurement to an atmospheric pressure of 970 mbar. A more detailed description of



























4.4 Correction of Track Density Eects
Earlier analysis of central Pb+Pb events (e.g. [46]) revealed that the particle identi-
cation capabilities of the NA49 TPCs in a high track density environment did not meet
the performance expected from the design parameters of the detectors. The observed
deciencies are summarized in Fig. 4.9, illustrating the ionisation measurement in the
high track density region of the MTPCs. The observed charge loss with drift length
(top panel) shows a much steeper slope (up to 20%=m) than the value of about 9%=m
expected from electron attachment and the threshold cut for the zero-suppression (see
below). Also a deviation from linear behaviour can be observed around the mid plane
of the detector, where the track density is highest. The resolution of the ionization
measurement (middle panel) does not reach the value of 3:7% achievable with 90 inde-
pendent samples of the particles ionization and exhibits a strong dependence on track
density. Further a pronounced dependence on the event multiplicity is observed (bottom
panel).
Since the determination of the event-by-event K= ratio has to rely on an absolute
stability of the ionization measurement a series of corrections had to be developed in
the framework of this thesis in order to remove the track density dependence. The
corrections can be subdivided into four dierent categories.
 Electronic Eects. The overshoot/undershoot structure of readout-electronics re-
sponse causes a steeper drift length dependence in case of subsequent hits in one
electronics channel.
 Hardware Eects. A close inspection of the raw-data revealed a crosstalk eect
via the sense wires of the readout chambers. The correction of this eect is most
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important, since it causes the multiplicity dependence and the deteriorated reso-
lution of the ionization measurement at high track density.
 Drift Length Dependence. In order to avoid systematic dependences of the ion-
ization measurement it is necessary to understand the cause of the variations of
the charge loss with drift distance. The corresponding steepness and nonlinearity
can be attributed to an interplay of a baseline shift caused by the electronic and
hardware eects and the threshold cut of the zero-suppression.
 Cluster Deconvolution. The determination of cluster charge of partially overlap-
ping clusters is a major cause of uncertainties in the ionization measurement in a
high track density environment. A cluster tting algorithm based on the known
track parameters after the pattern recognition step of the data reconstruction was
introduced to allow for a proper treatment of close or crossing tracks.
In the following section the correction algorithms will be described. The relative mag-
nitude of the dierent corrections and the particle identication capabilities of the cali-
brated TPCs will be discussed in section 4.5
Electronic Eects
The apparent baseline shift caused by the response of the readout-electronics introduced
in chapter 2.2 was found to have a sizeable eect on the quality of the dE/dx determina-
tion. Due to the high track density in central Pb+Pb events single electronic channels
will record several hits. The charge of each hit will be measured relative to a baseline
which is lowered by earlier hits. This aects the pulse height of a given hit, but also the
eective threshold cut for clusters measured at long drift distances.
The electronic response is measured by averaging over a large number of laser events,
where the ionization and position of the laser tracks are kept constant [47]. The baseline
position in time bins following a given signal can thus be measured with good accu-
racy even though the raw data is only stored with integer precision. Fig. 4.10 shows
the normalized baseline shift caused by a signal of 250 ADCcounts in the MTPC high
resolution sectors. Due to the direct measurement in the detector this baseline shape
also contains features related to the pad readout of the detector. The short term un-
dershoot/overshoot structure of the shaper response is followed by an 0:2% undershoot.
The latter can be related to the fact that practically no positive ions arrive at the pad
plane which requires the time integral over the signal to be zero. Also the absorption of
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Figure 4.9 Inuence of high track density on the ionization measurement.
Top Panel: Drift length dependence of the ionization measurement.
Middle Panel: Drift length dependence of the resolution.
Bottom Panel: Multiplicity dependence of the ionization measurement.
The horizontal lines drawn in the plots indicate the behaviour of an "ideal" detector.
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Figure 4.10 Electronics response to a signal of 250 ADC counts generated by a laser track.
a) Input Signal.
b) Zoom on the shortterm features caused by the signal shaping unit.
c) Zoom on the long range features consisting of a 0:2% baseline drop and a signal of
negative polarity caused by the arrival of positive ions at the eld wires.
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the positive ions at the eld wires can be seen as a signal of negative polarity at time
bin 430.
The necessary correction is done separately for each pad, i.e. each electronics channel.
A given channel samples 512 time bins spanning the drift range of the TPC. From the
charge value recorded in each time bin the baseline shift for all following time bins is
calculated by folding this time bin with the measured electronics response. Thus it is
possible to restore the actual baseline and calculate the true pulse heights. Panel a)
of Fig. 4.11 shows an example of signals recorded in a readout channel of the MTPC
high resolution sector. Folding the measured signals with the electronics response the
baseline shift shown in panel b) of the gure can be calculated. Panel c) shows the signal
after adding the calculated baseline to the recorded signals.
Applying this correction does not improve the resolution signicantly, but it accounts
for a charge loss of up to 3%=m depending on track density due to the loss of pulse
height (see section 4.5).
There are also gain changes in individual ampliers which are traced to the total charge
load of the VLSI shape/preamp chips. Analyzing the laser data it was found that the
charge in a given pad-time pixel is reduced by an amount corresponding to 0:7% of
the total input charge of the chip (16 pad-channels). This is also corrected for while
unpacking the raw data during the o-line reconstruction. The eect of this correction
however is negligibly small and will not be discussed here.
Hardware Eects
The most relevant correction of the charge measurement in TPCs in a high track density
environment was found to be a basic property of the wire chamber itself. To understand
the nature of this eect one has to keep in mind that what is measured in case of a wire
chamber with pad readout is the image charge induced on the pads by the positive ions
remaining behind in the avalanche of the gas amplication process. The current drawn
to the pads by the capacitive coupling of the space charge of the ions is measured by
charge sensitive ampliers and then processed by the signal shaping units.
The arrival of electrons on the sense wire at the end of the gas amplication process
leads to an eective change of the sense wire voltage on the time scale of < 100ns (1
time bin). The potential is restored by the high voltage supply through a RC network
(Fig. 2.5) with time constant of about 5s (50 time bins). Note that each RC network
feeds 6 sense wires (one wire group). All wires within one wire group thus will be at
equal potential.
Due the capacitive coupling to the pads, discharging and charging of the wires induces
a bipolar signal on all pads facing the wire group in which the original signal deposited
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Figure 4.11 Baseline position calculated from input signal by folding the signal with the measured
electronics response.
a) Input Signal.
b) Baseline shift calculated from input signal.
c) Signal corrected for baseline shift.
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the electrons. In the MTPCs 3 pad-rows face the same wire group. Since this eect
spreads over a whole pad-row it will be referred to as \lateral crosstalk".














































Figure 4.12 Left panel: Signal of a laser track crossing a randomly chosen pad-row where the signals
of the 6 contributing pads are summed and normalized to the integral charge. Right
panel: signal on a single distant pad of the same pad-row in the same time region using
the same normalization (1 time bin = 100 ns).
4.12 shows a real signal of a laser track (left panel) induced on a pad and the undershoot
caused by this signal on pads distant to the signal, but facing the same wire group. This
eect causes a reduction of all signals measured in the same time plane by all pads of
the three pad-rows facing the same wire group by 0:21% of the total charge measured
in this time plane.
The charging of the wire group then leads to an overshoot observed as a long range
eective baseline shift, since the time integral of the undershoot/overshoot structure of
the signal has to be zero.
The net eect of the capacitive coupling of changes in the sensewire potential to the
pads is equivalent to a change of the electronics baseline and will be referred to as such
in the following discussion.
The inuence of this eect on the data is illustrated in Fig. 4.13. On the left hand
side of the gure an example for a signal in a time plane is sketched, while on the right
hand side the baseline shift caused by this signal is shown. The baseline shift is given in
percent of the total charge deposited in the time plane containing the signal. The time
dependence of the charging and decharging of the wire group illustrated in the right
hand plot results in a drop of the baseline (1) for all signals within the same time plane
as the signal and a rise in the baseline for all following time planes (2).
This eect has also been measured with laser data, but for single hits this eect is so
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Figure 4.13 Sketch of the baseline shift caused by the lateral crosstalk eect. The left hand side
of the gure shows the signal with a given time plane. The right hand side shows the
baseline shift resulting from the signal in the time plane of the signal (1) and in the
following time planes (2).
small, that only the magnitude of the undershoot can be measured with acceptable pre-
cision. The shape and time constant of the overshoot is not accessible with laser-data.
Also the time constant as given by the capacity of the wire chamber and the high volt-
age feed resistor could not provide a precise enough estimate of the overshoot shape. In
order to derive the appropriate parameters it is necessary to look at the measured data
itself. As will be discussed below the drift dependence of the measured ionization does
not show the linear behaviour expected from the nature of the other corrections to be
applied. With the assumption that the track density related hardware eects are the
cause of the short scale deviations from the linear behaviour we can now \t" the shape
of the overshoot by picking a given shape and testing the linearity of the resulting drift
dependence.
The shapes found to yield the best results are illustrated in Fig. 4.14. The MTPC stan-
dard resolution sectors can be corrected with a single exponential shape, for the MTPC
high resolution sectors a second shorter range exponential has to be added.
The data is corrected by ltering the unpacked raw data of a whole wire group with
the derived shape. For this purpose the total charge content of each time plane corre-
sponding to this wire group is calculated. From this value the baseline shift within this
and all following time planes can be calculated. The calculated baseline shift then has
to be added to each charge pixel. The top panel of Fig. 4.19 shows the magnitude of
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Figure 4.14 Derived overshoot shapes for the hardware correction. a) MTPC high-resolution sectors:
A sum of a short and long range exponential is needed to correct the data. b) MTPC
standard resolution sectors: A single exponential shape is sucient for the correction.
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σ  = 5.3%
Figure 4.15 Resolution of the ionization measurement with (upper panel) and without (lower panel)
the lateral cross talk correction.
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the cross talk constants in a single central Pb+Pb event for the MTPC high resolution
sectors. The values plotted are the number of ADC counts added to each charge pixel
in the corresponding wire group as calculated in the ltering process of the raw data
distribution. Taking into account that a cluster in the MTPC consists on average of
30-40 charge pixels this correction can add up to a 10% eect on the total cluster charge
(see section 4.5). This eect is the main cause of the multiplicity dependence and the
deterioration of resolution in the high track density region.
To illustrate the increase of resolution when applying the lateral cross talk correction
Fig. 4.15 shows the dE/dx spectrum for the same momentum bin in the high track
density region of the MTPC with (top panel) and without (lower panel) the correction.
Drift Length Dependence
A signicant correction has to be introduced due to the observation of a drift length
dependence of the measured ionization. A charge loss as a function of drift length is
expected from two eects:
 Electron attachment to O
2
molecules contaminating the chamber gas is expected




 The zero suppression threshold cut of 5 ADC counts causes an apparent charge
loss, since the clusters widen with drift length due to diusion. This cut results in
a charge loss of typically 7% per meter. An analytical calculation estimating this
eect can be found in [66].
Since the charge loss eects are small compared to the total cluster charge it can safely
be assumed to be linear in drift distance (see Fig. 4.16).
The charge loss as a function of the drift length of the clusters is measured by selecting
tracks of a certain momentum range that lie in the sector type to be studied and by
generating separate dE/dx spectra for track ensembles in dierent drift length intervals.
The momentum dependence is taken out by dividing the measured ionization I
meas:
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by the expected ionization predicted for pions dE=dx











For pions in the track sample the scaled ionization I
scale
does not depend on momentum
and should be distributed around unity. To derive the drift length dependence four
Gaussians are tted to each I
scale
spectrum in a given y-bin, one for each particle species,
and the tted position of the pion peak is plotted against the drift length.
The charge loss is corrected for by scaling the measured cluster charge C
meas:
according
to the drift distance l
drift
[m] with the drift dependence D
loss














Fig. 4.16 illustrates the correction of the linear charge loss eects remaining after the
y [cm]












charge loss = 9%/m
Figure 4.16 Correction of the linear charge loss eect. The open symbols reect the uncorrected
data. A straight-line t to the uncorrected data shows a charge loss of 9%=m. The
corrected data is represented by the full symbols.
correction of the electronics and lateral crosstalk eects. The open symbols reect the
uncorrected data tted with a straight-line. The slope of the straight line corresponds
to a charge loss of 9%=meter. The full symbols show the corrected data.
The correction of the linear charge loss is done after the hardware and electronics re-
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sponse eects are dealt with. The data not corrected for these eects shows a much
stronger dependence on drift length than expected. For central Pb+Pb events values
of up to 20% were measured compared to the 9% per meter expected from the linear
eects described above. The cause of this discrepancy can be understood by the drop of
the baseline caused by the electronics and hardware eects. A lower baseline not only
leads to a reduced measured pulse height, but also to a higher eective threshold cut
for the zero suppression which will cause a steeper drift length dependence. This eect
can directly be observed in the data, by measuring the charge loss for events in bins of
multiplicity. The magnitude of the baseline drop is related to the event multiplicity.
Fig. 4.17 shows the threshold cut of 5 ADC-counts modied by the average baseline
drop calculated by the correction algorithms of the electronics and hardware eects for
peripheral Pb+Pb events plotted against the event multiplicity. A direct correlation
between multiplicity and drop of baseline can be observed. The contribution of the dif-
ferent eects to the baseline drop is illustrated in Fig. 4.19.
This information can be used to calculate the average baseline drop for each event and
to study the charge loss per meter as a function of the eective threshold cut.
Fig. 4.18 shows a linear dependence of the observed charge loss on the eective thresh-
old. The line drawn in the gure is the result of a Monte-Carlo simulation of this eect
[48] taking into account a truncated Landau energy loss distribution, the diusion of the
charge cloud in the drift process and the pad response function. The data shows the
same trend as predicted by the simulation.
This eect can of course be accounted for in the correction algorithms of the drift length
dependence, but, as it will be discussed in the following chapter, the switching from clus-
ter charge determination by summing up charge pixels in the cluster nder to deriving
the cluster charge by a tting algorithm strongly reduces the sensitivity on a varying
threshold. The inuence of this eect is negligible when employing the cluster tting
procedure.
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Figure 4.17 Dependence of the eective threshold cut [ADC counts] on the event multiplicity. The
eective threshold is derived from the baseline shift calculated for the correction of the
electronics and hardware eects.
threshold[ADC-counts]












Figure 4.18 Dependence of charge loss [%=m] on eective threshold cut [ADC counts]. The symbols
represent the data. The line indicates a prediction by a Monte-Carlo simulation.
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Figure 4.19 Baseline shift due to lateral cross talk and electronics response measured for a single
central Pb+Pb event in the MTPC high resolution sectors.
Top panel: Lateral cross talk constants averaged over the wire groups of the high reso-
lution sectors as a function of drift time.
Bottom panel: Average baseline shift in the electronics channels of the high resolution
sectors as a function of drift time.
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Cluster Deconvolution
The reliability of the ionization measurement depends strongly on the determination of
the cluster charge. The straight forward cluster nder approach used for the tracking
step showed serious problems when determining the cluster charge in the high track
density areas. As soon as clusters start to overlap the distribution of the found charge
among the adjacent clusters is not reliable enough without further constraints. If the
cluster nder misses a cluster in a continuous charge region produced by more than one
track the found charge tends to be distributed among the found clusters. This results
in a too high charge measurement, which translates into a tail towards high ionization
for the truncated-mean spectra in the high track density regions. In order to obtain a
ionization measurement that is stable against track density variations it was necessary
to implement a new method of cluster-charge determination. This procedure consists of
the following steps:
1. Standard tracking.
2. Compute expected cluster width from track angles and drifth length.
3. Get the positions of potential clusters by extrapolation of tracks to their intersec-
tion with the pad planes.
4. Go back to the raw-data and t the charge distribution by one or more 2-dimensional
Gaussians in accordance with the number of tracks passing through the correspond-
ing volume element.
This method allows to unfold partially overlapping tracks and yields a very robust ion-
ization measurement. It also reduces the sensitivity of the charge measurement on the
local baseline shifts, since the t also estimates the charge contained in the tail of a
cluster that is usually lost by the threshold cut. Fig. 4.20 shows a comparison of the
charge loss as a function of the eective threshold cut for the cluster charge obtained
from the summation of charge pixels in the cluster nder (open symbols) and the cluster
charge derived by the cluster tting algorithm. Going back to the raw data once the
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threshold[ADC-counts]













Figure 4.20 Dependence of charge loss [%=m] on eective threshold cut [ADC counts]. The open
symbols represent the values obtained from the summation of charge pixels in the cluster
nder. The full symbols correspond to the value resulting from the cluster charge derived
from a t to the charge distribution of the clusters.
points on track







600 <points>fitted = 71.33/track
<points>cluster finder = 68.27/track
Figure 4.21 Number of points found in the MTPC by the cluster nder (dashed line) and the cluster
tting algorithm (solid line).
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103 σ  = 5.5%
Figure 4.22 Resolution of the ionization measurement with (upper panel) and without (lower panel)
the cluster tting procedure. Note the tail to high ionization values in the lower panel.
For this comparison tracks in a total momentum range from 20 to 30 GeV/c with more
than 30 points contributing to the ionization measurment were selected.
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track parameters are known also increases the clustering eciency. Fig. 4.21 shows
a comparison of the number of points on track found by the cluster nder and tting
algorithm. Fig. 4.22 shows the performance of the cluster t in comparison to the
standard procedure of summing up charge pixels in the high track density region. We
can immediately see that the resolution of the ionization measurement is signicantly
increased from 5:5% to 3:9% and also the tail to high dE/dx values present on the level
of a few percent in the cluster nder gets suppressed to the sub per mille level.
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4.5 PID-Performance of Calibrated NA49-TPCs
The Drift Dependence
The application of the correction algorithms described above shows that it is possible to
explain the previously un-understood inuences of high track densities. The interplay
of cluster diusion and the apparent shift of the baseline due to the large amount of
charge deposited in the chamber results in the shape of the drift dependence seen in the
uncorrected data (Fig. 4.23 top panel, open squares). Applying the corrections shows
that it is not only possible to remove the dependence on the drift distance, but also that
the resolution of the ionization measurement increases and becomes much less dependent
on the drift distance. Fig. 4.23 illustrates the inuence of the dierent corrections in the
high track density region of the MTPC. The data shown is based on the cluster charges
derived from the t algorithm. The magnitudes of the dierent corrections are shown
in Fig. 4.24. The observations can be summarized as follows:
 The slope of the drift dependence is determined by the linear charge loss eects
(electron attachment and threshold cut of the zero-suppression) and the baseline
shift due to the response of the readout electronics.
 The deterioration of the resolution is related to the lateral crosstalk eect, which
also accounts for the non-linearity of the drift dependence.
The Track Density Dependence
The dependence of the ionization measurement on the track density was found to be a
major cause for systematic uncertainties in measurements of event-by-event observables
based on particle identication. The inuence of the local track density on the ionization
mesurement can be removed by the proper estimation of the local baseline position in
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combination with the cluster charge determination by a 2-dimensional Gaussian t to
the charge distribution of the cluster. Fig. 4.26 shows a comparison of the dependence
of the ionization measurement on the event multiplicity in the high track density region
of the MTPC with (full symbols) and without (open symbols) the corrections developed
in the framework of this thesis. The corrected data does not show a signicant depen-
dence on multiplicity in the position of the pion peak as well as in the resolution of the
measurement.
To further illustrate the track density eects Fig. 4.25 shows the resolution of the ioniza-
tion measurement as a function of total momentum p
tot
. The strong forward focussing
due to the xed target setup of the experiment the track density in the MTPCs increases
with total momentum. The uncorrected data (open circles) shows a deterioration of the
resolution with increasing momentum. The correction of the lateral crosstalk eect
signicantly reduces this dependence (open triangles). Combining the lateral crosstalk
correction with the cluster t (full circles) shows that it is possible to almost fully elim-
inate the track density eects.
Separation Power
The identication and correction of systematic errors in the ionization measurement also
has a substantial inuence on the overall resolution of the particle identication. The
ability to distinguish between dierent particle species is given by the separation power
S
ij
of the detector, dened as the separation between two particle species i; j expressed


















Fig. 4.27 shows a comparison of the separation power between pions and kaons of
the uncalibrated and calibrated detector. Aside from removing systematic dependences
and making the ionization measurement more stable against track density variations,
applying the calibration and corrections introduced above increases the separation power
for particle identication by up to a factor of two.
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Figure 4.23 Top panel: Driftlength dependence of the ionization measurement after application of
the dierent corrections.
Bottom panel: Resolution achieved by the corrections.
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Figure 4.24 Magnitude of the dierent driftlength dependence corrections in percent.
ptot[GeV]














crosstalk corrected + cluster fit
Figure 4.25 Resolution of the ionization measurement as a function of total momentum p
tot
.
Open circles: Uncorrected data.
Open triangles: Data corrected for lateral crosstalk eect.
Full cirles: Combination of lateral crosstalk correction and cluster t.
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Figure 4.26 Multiplicity dependence of the ionization measurement.
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Figure 4.27 Separation of kaons and pions in terms of standard deviations as function of total
momentum. The full symbols represent fully calibrated data, the open symbols refer to
data without the hardware and baseline corrections.
Time Stability
The analysis of large data sets requires the ionization measurement to be stable over
long periods of time. Even stabilising the temperature and precisely measuring and cor-
recting for changes of the atmospheric pressure leaves room for changes in the eective
gain of the order of a few percent over longer periods of time. There are a number
of possible explanations for this, like changes in the temperature of cabels and power
supplies outside the air conditioned area leading to small variations of the high-voltage
supply of the readout chambers. A method of creating a time reference and following
the changes in gain by looking at the data itself has proven very helpfull. A detailed
description of this method can be found in [67]
Within the data set used for this analysis no signicant dependence on time after cor-
rection was observed, as demonstrated in Fig. 4.28. The line shown in the top panel of
this gure is a straight-line t to the data. The slope of the t is suciently small to
assume that no time dependence is left in the dE/dx measurement.























Figure 4.28 Time stability of the dE/dx-measurement.
Top panel: Average dE/dx per event plotted against the time [h] of the event.
Bottom panel: Average dE/dx per event plotted against run number.
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5 Statistical Tools for Data
Analysis
The particle identication in the NA49-experiment relies on a velocity measurement that
in combination with the particle momentum yields information about the particle mass.
Due to the nite mass resolution of the procedure it is often impossible to uniquely
identify particles. Therefore one has to rely on a statistical treatment of the available
information. In the following chapter the statistical tools used in this analysis will be
introduced.
5.1 The Maximum-Likelihood Method
The usual way of extracting information from the dE=dx-measurement is to bin the
data in phase space and to unfold the dE=dx spectra to extract the particle yields (see
for example Fig. 5.1). For the treatment of single events however this approach will
fail because binning the approximately 1000 particles in the acceptance of the detector
will result in too few entries in the bins to successfully extract information by tting
the dE=dx-spectra. Instead the event-by-event analysis of the K=-ratio in the NA49-
experiment follows the approach of maximum-likelihood parameter estimation from un-
binned data proposed in [43] and [68].
Random processes are described by a probability density which gives the frequency of
occurance for each possible outcome. Formally the outcome of a random process is re-
presented by a random variable x, which ranges over all admissible values in the process.
The probability of an outcome x of a random process is given by the probability density
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function (PDF) P (x). The random variable is then said to be distributed as P (x).
In the analysis presented here we measure the momentum vector p and the specic
ionization dE=dx, which now represent the random variables of a sampling process.
Adopting the formalism of [68] the PDF P (p; dE=dx) giving the probability of measur-
ing a particle at a given p and dE=dx can be written as:









The index (m) denotes the four relevant charged particle types, i.e. e, , K and p. The
form and value of the dE/dx-PDF f
(m)
p
(dE=dx) is determined by the detector properties,
but also depends on the particle momenta (q.v. section 4.1) as indicated by the index
p. The yield of the particle species (m) at p is given by the momentum PDF r
(m)
(p).









p = 1; (5:2)
The goal of this analysis is to estimate the functions r
(m)
(p), which are distributions
of a given particle species (m) in momentum space normalized to the relative particle
yields. The functional forms of r
(m)
(p) (e.g. temperatures of transverse momentum
spectra) are determined from the inclusive data sample. The unknown parameters to be
estimated are relative particle yields, i.e. the parameters of the relative normalization
of the r
(m)
(p). A given set of normalizations functions we will denote as 
(m)
. The
parameters will be extracted by tting the experimental data points. The PDF for a
xed set of parameters 
(m)
can now be written as:









where  = 
(m)
.
To estimate the parameters  the maximum-likelihood method is used. Let us assume









5.1 The Maximum-Likelihood Method 81










which can be recognized as the probability of observing the set of measurementsX given
the PDF for a xed set of the parameters . Treating the measurementsX as constants
and the parameters  as variables in the LF now allows for choosing as an estimate of
parameters  a particular
^
 which renders L as large as possible. Instead of maximizing











Practically this means the K= ratio for a given event is estimated by assuming a
K= ratio (i.e. setting the relative yields of the particles by the parameters ) in the
PDF and calculating the probability of measuring this event. Varying the K= ratio
in the PDF and repeating the probability calculation we can now nd a K= ratio
that is \most likely" for the given event. Fig. 5.2 shows the PDF derived from the
inclusive data set (top panel) and a set of p and dE/dx measurements corresponding to
a single event (lower panel). The four bands of boxes represent electrons, pions, kaons
and protons in top to bottom order. The size of the boxes at a given p and dE/dx bin
gives the probability density at this point. The t is performed by changing the relative
normalization of the bands representing the dierent particle species. The uncertainty
of this method of parameter estimation will be discussed in section 5.4.
Determination of the Probability-Density-Function
The PDF to be used for the event-by-event t of the K=-ratio is derived by analyzing
the inclusive distributions measured in a data set of about 100k events. One problem that
arises in the determination of the PDF is that the measured momentumdistributions are
limited by the acceptance of the detector. As a consequence the momentumdistributions
are not smooth functions anymore and cannot be parametrized by simple analytical
functions. To account for this problem in the analysis presented here a look-up table is
used as PDF instead of analytical functions. To create this look-up table the particle
sample from about 100k events is broken up in bins in momentum space and for each
bin a dE/dx-spectrum is generated. Each of the dE/dx-spectra is then unfolded by
tting the distribution with four Gaussians of the same relative width. Fig. 5.1 shows
an example spectrum and the functions tted to extract the information.
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Figure 5.1 Example dE/dx-Spectrum used for generating of the probability density function look-up
table.
The t of each spectrum contains the information on the particle yields in the given
bin needed for the momentum PDF and also the dE/dx-resolution and dE/dx-value of
the dierent particle species used as input for the dE/dx-PDF. A proper normalization
of the spectra according the equ. 5.2 automatically yields the PDF for the event-by-
event K=-t. Fig. 5.2 shows the PDF derived from tting of the dE/dx spectra. For
illustration purposes the yield of each particle species is normalized to unity in this
gure.
This method was found to be superior to an analytic parametrization of the PDF
because the remaining deciencies of the calibration and also the observed resolution
achieved with the detector depend more on the geometric position of a given particle
within the detector than on its location in momentum space. These eects are easier
taken into account by a ne binning of momentum space and treating the dierent
momentum bins independently than by modelling an analytic function. The parameter








0   2GeV=c 10
phi 0  2 8
Table 5.1 Binning used for the look-up table of the Probability Density Function.
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Figure 5.2 Top Panel: Probability Density Function derived from tting of the dE/dx spectra in
phase space bins. The yield of each particle species is normalized to 1. The box size gives
the probability of measuring a particle in a given dE/dx and total momentum p
tot
bin.
Bottom Panel: dE=dx and p
tot
measurements of a single central Pb+Pb event.
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Evaluation of Parameters
The actual estimation of the event-by-event K=-ratio is done by using the numeri-
cal minimization procedures of the MINUIT package of the CERN-library [60]. The
unknown parameters  to be tted as dened above are further reduced to only the
relative yields of the given particle species. The momentum distributions contained
within the look-up table of the PDF are assumed to have the same shape for dierent
K=-ratios measured. Fig. 5.3 shows the event-by-event distribution of the K=-ratio
determined by this method. The mean of the distribution pertains to a limited region of
Single Event K/pi ratio











RMS = 23.27 %

Figure 5.3 Event-by-event K=-ratio.
phase space and will in general dier from the K=-ratio determined in full phase space
because the acceptance of the MTPCs does not cover the same phase space region for
pions and kaons (see Fig. 6.1).
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5.2 Event-Mixing
To estimate the amount of dynamical uctuations in the distribution of an event-by-event
observable it is important to have reference events where only statistical uctuations are
present. The method of event mixing has proved very usefull in producing articial
events with statistical variations from event to event. To create mixed events rst a
track pool (\event-mixer") is lled with the tracks of several events. Mixed events are
generated by randomly drawing numbers of particles from the track pool according to
the multiplicity distribution of real events. Only one track of any original event is used
in a given mixed event to avoid correlations present in the real events feeding into the
mixed events. Since the mixed events are random samples from the same inclusive track
population they will also reproduce the phase space distributions of the real events. By
construction the mixed events have the same single particle distributions as the real
events, but no internal correlations. The event-by-event distribution of the K=-ratio
for a set of mixed events can now be derived by the same parameter estimation algorithm
as for the real events. The resulting distribution is shown in Fig. 5.4. This represents
the distribution of the eventwiseK= ratio for indepentently produced kaons and pions.
Single Event K/pi ratio











RMS = 23.1 %

Figure 5.4 Mixed events reference distribution of the event-by-event K= ratio
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5.3 Systematics of the Parameter Estimation
To test the systematic behavior of the parameter estimation it is desirable to generate
mixed events with a known K=-ratio. Such events can be constructed by employing
four event-mixers, each containing only particles of a known species, and drawing a
certain number of particles from each mixer. Since a unique identication of particles is
in general not possible, the lling of the mixers has to rely on a statistical process.
Given the measured momentumand ionization of a particle the probablity of this particle
being of a certain species can be calculated. By randomly drawing particles from the
complete track sample according to their probability and storing them in the separate
event mixers samples of tracks identiable as a certain particle species can be generated.
By construction the track population within an event mixer for a certain particle species
will be distributed according to the PDF of this species.
Fig. 5.5 shows the dE/dx spectra generated from the data sample and from the separate
event mixers in the same phase space bin. The distributions show that it is possible to
statistically distribute the data sample into separate event mixers each representing a
given particle species. From the separate track pools one can construct mixed events
with known preset particle ratios in order to test the response of the event-by-event t of
the K=-ratio. Also articial uctuations can be introduced to events generated by this
method in order to estimate the sensitivity of the event-by-event K= t to a certain
uctuation model.
5.4 Performance of the Event-by-Event K=-Fit
The uncertainty of the eventwise estimation of the K=-ratio can be evaluated by con-
structing mixed events with a xed preset K=-ratio. This method by construction
takes into account the eects of the limited acceptance and particle identication while
the nite number uctuations are eliminated from the measurement. Fig. 5.6 shows
the eventwiseK=-ratio distribution derived from mixed events all constructed with the
same K=-ratio of 0.13. The width of 16:7% of this distribution serves as an estimate
of the uncertainty of the t procedure.
To evaluate the width of the measured event-by-event distribution of the K=-ratio it
is necessary to ensure a linear response of the t to a varying K=-ratio in the data.
This is tested by constructing mixed event with a varying K=-ratio by the method
described above. The response of the t-algorithm is shown in Fig. 5.7. The test shows
a linear response of the tting procedure. The correlation coecient of the t response
to the input indicated by the slope of the straight-line shown in the gure is 1.02.
The trivial uctuations due to nite number statistics can be estimated to lead to a
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Figure 5.5 Example dE/dx spectra generated from data and from event mixers containing only
particles identiable as one particles species.
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RMS = 16.7 %

Figure 5.6 Uncertainty of the event-by-event t of the K=-ratio tested by mixed events with a xed
K=-ratio of 0.125. The vertical line indicates the input K=-ratio. The width of the
distribution corresponds to the uncertainty of t.
input K/pi-ratio













correlation coefficient = 1.02 

Figure 5.7 Response of the event-by-event K= t to variation of the input K= ratio in simulated
events.
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width of 15:9%. The contribution due to nite number uctuations is dominated by
the uctuation in the small number of kaons (about 40) compared to the large number
of pions (about 310) per event. The combination of trivial statistical uctuations and
the experimental resolution fully exhausts the width observed in the mixed events. In
order to estimate how much of the dierence in width observed in real events compared
to mixed events can be attributed to dynamical uctuations it is necessary to further
study the systematic behaviour of the method. Event-by-event variations in the mass
measurement could cause uctuations in the data sample that could not be observed in
the mixed event sample. These eects can also be simulated by the method described
above.
Previous analysis showed that variations in chamber gain and track density dependences
of the mass measurement can cause apparent uctuations in the event-by-event t of
the K=-ratio. Fig. 5.8 shows the response of the t method to variations in the total
chamber gain, simulated by scaling the dE/dx values of all tracks in a given simulated
event by the value indicated in the gure. A variation of the chamber gain will shift
the dE/dx-measurement of a single event relative to the inclusive distribution. Since the
inclusive distribution is used to derive the probability density function a shift in chamber
gain will lead to a misidentication of particles and thus will lead to wrong estimation of
the K=-ratio of the given event. The strong dependence illustrated in this gure shows
the need for a very stable ionization measurement in order to be sensitive to uctuations
in the real data.
The track density eects of the dE/dx measurement are simulated in a similar fashion by
scaling the dE/dx values of the particles measured in the high-density region depending
on the event multiplicity. The result of this study is illustrated in Fig. 5.9.
The combination of the observed dependences with the achieved stability of the dE/dx mea-
surement documented in chapter 4 allows us to estimate the systematic uncertainty in the
measurement of the event-by-event uctuations of the K= ratio to 2%. Note, however,
that variations in the dE/dx measurement will increase only the width of real events and
not mixed events, since there the correlation between event multiplicity and dE/dx will
not be present. Thus variations of the dE/dx measurement will fake a uctuation signal
but can not reduce it.
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gain variation











Figure 5.8 Inuence of variations of the chamber gain on the event-by-event measurement of the
K=-ratio.
track density variation











Figure 5.9 Response of the event-by-event K= t to a simulation of the multiplicity dependence
of the dE/dx measurement.
6 Event-by-Event Fluctuations of
the K=-Ratio
6.1 Data Sample, Event and Track Selection
The analysis presented here is based on a sample of 40000 central Pb+Pb events from
the 1996 data taking period. The events are selected online for centrality by the trigger
on the veto calorimeter. For this data set the 5% most central events were selected,
which corresponds to less than 3:5fm impact parameter [9].
In order to obtain a clean sample of well dened tracks the following cuts were used:
 Tracks identied as bad tracks by the quality assurance algorithm introduced in
chapter 3.2 are rejected.
 Vertex tracks are selected by extrapolating the trajectories of good tracks back to
the target plane and by calculating their intersection point with this plane. Tracks
with a distance to the vertex larger than 4 cm in x or 0:5 cm in y are rejected.
This cut rejects a large fraction of decay products of long lived neutral particles
as well as badly reconstructed vertex tracks.
 Only tracks that have at least 30 points in the MTPC are used in order to ensure
enough samples of the tracks ionization to allow for a reliable particle identication.
 In order to reject tracks visible in the MTPC originating from  conversions,
secondary interactions and decays between VT2 and MTPC, only tracks are used
that have a found track match in the VTPC if the particles trajectory traverses
the VTPC.
The fraction of all measured tracks rejected by the dierent cuts is summarized in table
6.1. The percentage quoted gives the fraction of tracks remaining after subsequently
applying the track cuts.






Table 6.1 Number of tracks per event usable for the event-by-event K=-t. The
quoted percentage gives the fraction of tracks remaining after subsequently
applying the track cuts.
The selection of tracks results in a limited acceptance for the dierent particle species.
Fig. 6.1 shows the phase space occupation within the acceptance for pions (top panel)
and kaons (bottom panel). Note that the acceptance for pions and kaons is dierent.
The particle ratios studied in this analysis are not corrected for acceptance and thus
will dier from the value extrapolated to full phase space. The application of a xed
extrapolation factor would obviously not change the amount of uctuations observed in
the data. Systematic studies of the inclusive yields of identied particles extrapolated
to full phase space can be found in [61].
Fig. 6.2 shows the event-by-event multiplicity distribution after the track selection.
Note that the width of the distribution is bigger than expected for a Poissonian dis-
tribution due to the large range of impact parameter accepted by the NA49 trigger.
This uctuation cancels however when examining intensive quantities like the K= ratio
relative to mixed events (see chapter 5.2).
6.2 Results
Combining the information gained about the systematics of the t procedure discussed
in chapter 5.3, the width of distribution of the event-by-eventK= ratio in mixed events,
representing an event sample containing only statistical uctuations can be understood
as a combination of two dierent eects,
1. nite number statistics  = 15:9%.
2. experimental resolution  = 16:7%.
The width due to these two eects quadratically adds up to the width of 23% observed
for the mixed event sample. The amount of dynamical uctuations present in the data
is estimated by comparing the width of the event-by-eventK= distribution of the data
events to the corresponding distributions generated from mixed events. Fig. 6.3 shows
an overlay of the data distribution (symbols) and the mixed event distribution (solid
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Figure 6.1 Phase space occupation of particles within the MTPC-acceptance.
Top panel: Identied pions.
Bottom panel: Identied kaons.









Figure 6.2 Event-by-event multiplicity distribution of tracks used for the K= t
line). It is immediately evident that the dierence in width is small. The objective of
this thesis is to quantify this dierence. Therefor we dene a measure for the dynamical
uctuations 
dyn











From the dierence in width of the distributions, a contribution of dynamical uctuations
of 
dyn
= 2:8% is obtained for central Pb+Pb events at the SPS. The statistical error of
the measurement is estimated to be 0:5%.
Sensitivity and Systematical Errors
In order to test the sensitivity of this method to dynamical uctuations present in the
data, a simple uctuation model is used to impose articial uctuations on mixed events
and to study the response of the parameter estimation. For this test a simple Gaussian
uctuation model is used. Each mixed event is constructed with the K=-ratio of the
inclusive distribution scaled by a random number generated from a Gaussian probability
density function. Fig. 6.4 shows 3 examples of the input uctuation. This simulation
containing a known uctuation is now used to check which amplitude of uctuations
produces a signal corresponding to the signal observed in the data. Fig. 6.5 shows
the increase in width of the event-by-event K=-ratio as a function of the amplitude
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Figure 6.3 Event-by-event distribution of the K=-ratio (points). For comparison, the solid line
shows the K=-ratio distribution for mixed events.
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Input Amplitude σdyn
















Figure 6.5 Response of the event-by-event K= t to simulated events containing input uctuations





of the input uctuation. The horizontal line corresponds to values excluded by the
uctuation signal of 
dyn;data
= 2:8%  0:5% in the data at 90% condence level. The
method of estimating dynamical uctuations shows a linear response to input uctua-
tions as indicated by the line in the gure. This simulation procedure can also be used
to establish limits on uctuations of the amlitude 
dyn
that occur only in a fraction F
of all events. Varying the frequency of occurrence of the input uctuation we can de-
termine the exclusion region shown in Fig. 6.6, where the relative frequency F of events
exhibiting uctuations of amplitude 
dyn
is plotted versus 
dyn
. We see that for F=1
uctuations of a relative amplitude 
dyn
> 4:0% are ruled out at 90% condence level,




In order to understand the relevance of dynamical uctuations observed in the data it is
necessary to rst identify possible reasons for dynamical uctuations and to study their
eect on the event-by-event observable.
A major source of non-statistical behaviour of the event-by-event K= distributions is
the correlated production of kaons and pions. In order to illustrate this eect Fig. 6.7












Excluded at 90% conf. level
Figure 6.6 Limit on the amplitude of dynamical K=-uctuations as a function of the frequency of
events showing the uctuation.
shows the event-by-eventK= distribution of events constructed by randomly generating
500 particles with equal probability of being a kaon or a pion. To this sample 250 pairs
of kaons and pions are added simulating a correlated production of kaons and pions.
Comparing the event-by-event K= ratio distribution of these events to mixed events
generated from the same event sample shows that correlated production of kaons and
pions results in a narrower distribution for the input events than for the mixed events.
The eect of an anti-correlation is simulated by again randomly generating 500 particles
and adding 250 pairs of particles of the same type, choosing randomly if the pair is a pair
of kaons or a pair of pions with equal probability. The resulting distributions shown in
panel b) indicate an increase in width of the input distribution compared to the mixed
event sample.
The third toy simulation shown in panel c) illustrates the eect of critical uctuations on
the event-by-event distributions. In this simulation two classes of events are generated
by randomly generating 1000 particles with dierent probabilities of being kaons or
pions the probabilities depending on the class of the event. The shift of the mean of the
separate event classes leads to an increase of the width of the event-by-event distribution
compared to the mixed event distribution.
Physical origins for correlated particle production are for example decays of resonances
and Bose-Einstein statistics. However there is no information on these eects available
in the data on an event-by-event basis, so the contribution to the signal of dynamical
uctuations has to be estimated by comparisons to model predictions. An extensive
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Figure 6.7 Simulation of the eect of non-statistical uctuations on the event-by-event distribution
of the K= ratio.
a) Correlated production of kaons and pions.
b) Anti-correlated production of kaons and pions.
c) Critical uctuations.
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discussion of the eects of Bose-Einstein statistics and resonance decays on chemical
uctuations can be found in [15, 72].
6.3 Critical Phenomena
Comparing the event-by-event distribution of the K=-ratio to a reference containing
purely statistical uctuations only, represented by the mixed event distribution, as shown
in Fig. 6.3 it becomes evident that the data matches a statistical sample quite closely
in shape as well as in width. For large values of the K= ratio the data distribution
shows no outliers relative to the expectations given by the mixed event distribution on
a level of 4  10
4
events. Taking the achieved resolution of 23:1% into account a twofold
enhancement of the K= ratio, as was proposed as a signal for events exhibiting critical
behaviour, can be ruled out with high statistical signicance. A limit for the probability




> 0:6 can be set at:
p
crit
< 0:1% at 90% condence level.
The data therefore indicate a unique freeze out condition common to all events.
6.4 String-Hadronic Models
The main assumption made in string-hadronic models simulating nucleus-nucleus colli-
sions is the binary approximation in which a nucleus-nucleus collisions is decomposed into
binary nucleon-nucleon collisions. As an example of a microscopic model the obtained
results are compared to those of FRITIOF - 7.02 which is based on a quark-gluon-string
model [69]. In FRITIOF - 7.02 a longitudinally exited state is formed, i.e. a string
between a single valence quark and the corresponding diquark of the interacting nucleon
is stretched. The string is fragmented into hadrons by breakage.
The hadronization process by string breaking features a mechanism of correlated hadron
production since in each binary collision conservation laws (e.g strangeness, energy, etc.)
have to be fulllled locally. The local inuence of conservation laws within the extended
source volume created in heavy ion collisions should lead to dynamical uctuations of
the avor content of the nal state.
To illustrate this statement with experimental data [70, 28], Fig. 6.8 shows the ratio
of the mean K
0
S









plicity decreases signicantly with the event multiplicity. A similar correlation can be
expected for the multiplicity of charged kaons. This means that the probability that a
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charged hadron is a kaon depends on the multiplicity of the collision. Thus particles are
not produced independently and therefore we expect to see large non-statistical uctu-
ations in the chemical composition of p+p collisions or in Pb+Pb collisions if they have
to fulll conservation laws locally.
In order to study this eect the analysis of the event-by-eventK= ratio was performed
on a sample of 40k Pb+Pb collisions simulated by the FRITIOF model and 40k events
produced with the HIJING model [71] which also by construction locally fullls the con-
servation laws.
The analysis of simulated events does not contain the eect of the experimental res-
olution, since there is no need for particle identication. The eects of nite number
statistics and acceptance are considered in the analysis by only selecting particles that
would fall into the acceptance region of the MTPC. The amount of dynamical uctu-









! 7:5%  0:5%
The event-by-event K= ratio distributions derived from the event samples generated
with these models are shown in Fig. 6.9 and 6.10.
The dynamical uctuations observed in Pb+Pb collisions of 2:8% are signicantly lower
than those in string hadronic models. This suggests that the correlations due to the local
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Figure 6.9 Event-by-event K=-ratio distribution for the FRITIOF model and the corresponding
mixed event distribution.
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Figure 6.10 Event-by-event K=-ratio distribution for the HIJING model and the corresponding
mixed event distribution.
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inuence of conservation laws are not present in the data, which leads to the conclusion
that a dierent process of hadronization has to be assumed or that the correlations are
destroyed after hadronization e.g. in a rescattering process (see below).
6.5 Hadronic Rescattering
The inuence of rescattering of produced particles after hadronisation on the observed
uctuation pattern has been studied with the UrQMD model [74, 75]. Even though
the crossections for strangeness producing and annihilating processes are small, inelastic
scattering can possibly reduce a uctuation signal originating from local conservation
laws.
The UrQMD model is also a microscopic model based on string exitation, but includes
inelastic rescattering of particles after the hadronization process. Fig. 6.11 shows the
event-by-event K=-ratio distributions obtained from the UrQMD model with rescat-
tering. The data obtained without rescattering are shown in Fig. 6.12. For the dierent
datasets the following uctuation signal 
dyn
can be derived:
 UrQMD with rescattering: 
dyn
= 3:6%
 UrQMD without rescattering: 
dyn
= 7:5%
Hadronic rescattering shows a signicant change in the uctuation pattern. A reduction
of the uctuation amplitude of about 4% can be estimated. The dynamical uctuations
observed in the data set including rescattering are still above the level found in central
Pb+Pb collisions. In order to estimate the signicance of the reduction of the uctua-
tion signal from microscopic models including rescattering to the level observed in the
data further studies are needed. It is necessary to determine the amount of uctuation
in the \input channel" of elementary nucleon-nucleon collisions in order to estimate the
magnitude of uctuations expected from local conservation laws in Pb+Pb collisions. It
is not enough to study the uctuations in p+p events produced by microscopic models
because these depend on the parameters of the given model and can vary over a rather
large range (see above). To get a decicive result this value has to be determined more
precisely, if possible [76] directly in p+p interactions as measurable by the NA49 exper-
iment.
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Figure 6.11 Event-by-event K=-ratio distribution for the UrQMD model and the corresponding
mixed event distribution.
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Figure 6.12 Event-by-event K=-ratio distribution for the UrQMD model without hadronic rescat-
tering and the corresponding mixed event distribution.
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6.6 Statistical Models
Recent publications have shown that statistical models [10, 11] are very successful in




, p+p and A+A collisions by characterizing
the particle source by few thermodynamically inspired variables such as temperature
T , baryo-chemical potential 
B
, and strangeness suppression factor 
s
. A prerequisite
for the applicability of statistical models is the chemical equilibration of the particle
emitting source.
Naively one would expect a chemically equilibrated system to show only a small amount
of uctuations. Recent calculations of the uctuations of the event-by-event K=-ratio
[72] expected from a thermally and chemically equilibrated resonance-gas model indeed
predict dynamical uctuations of about 2%, which is consistent with the value observed
in our data. The origin of the uctuations in this model is the decay of higher resonances
present at chemical freeze out into kaons and pions, or pairs of kaons or pions. The decay
of resonances features a correlated or anti-correlated production of particles depending
on the decay channels. This results in a widening or narrowing of the event-by-event
K=-ratio distribution as discussed above the dierent eects partially cancelling each
other.
The contribution from the dierent decay channels has to be estimated from the abun-
dances of the resonances predicted by the model. Note that the inuence of resonance
decays of a chemically equilibrated system almost fully exhausts the signal observed in
the data, without requiring any further uctuation induced by the strangeness produc-
tion mechanism.
6.7 Discussion
It has been shown that with the setup of the NA49 experiment uctuations of the event-
by-event K=-ratio can be measured precisely. The amount of uctuation observed in
the data is surprisingly small. With the measurement presented here dynamical uc-
tuations of the event-by-event K=-ratio of 4:0% can be excluded at 90% condence
level. The observed uctuations are consistent with uctuations predicted by a ther-
mally and chemically equilibrated resonance gas. The contribution of correlated particle
production by the decay of higher resonances to the dynamical uctuations of the event-
by-event K=-ratio fully exhausts the signal observed in the data.
Comparisions to string hadronic models based on a superposition of elementary nucleon-
nucleon collisions to describe heavy ion collisions show a much stronger signal of dynami-
cal uctuations. The local fulllment of conservation laws (e.g. strangeness, energy, etc.)
inherent to the hadronization process of these models results in a correlated production
of particles that can be ruled out by the data. This suggests a statistical hadronization
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Figure 6.13 Event-by-event distribution of the mean transverse momentum. For comparison, the
solid line shows the mean transverse momentum distribution for mixed events.
process from a chemically equilibrated phase, where the conservation laws are fullled
globally only.
The analysis of uctations of the average transverse momentum performed by the NA49
collaboration has shown that also in this variable no indications of critical behaviour
are observed. Fig. 6.13 shows the event-by-event average transverse momentum dis-
tribution for central Pb+Pb collisions and the mixed event reference distribution. We
see that the distribution of real events has approximately Gaussian shape and is quite
closely matched by the mixed event reference. The observed amount of uctuations of
the average transverse momentum are found to be compatible with independent particle
production modied by the known two-particle correlations due to quantum statistics
and nal state interactions and taking into account the response of the NA49 apparatus.
This also supports the assumption of a statistical hadronization process with with the
conservation laws fullled globally.
The Hadronization Process
However successfull statistical models are in describing the particle abundances, the ap-
parent chemical equilibration of the system can not be reached by inelastic interactions
in the hadronic phase of the reaction after the parton-hadron transition of the source.
The relaxation time needed to equilibrate the hadronic phase are much longer than the
observed lifetime of the system. Instead it was suggested that the apparent equilibration
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of the resonance populations is an inherent property of the hadronization process itself.
In the transition from the partonic to the hadronic phase, the hadronic states are lled
according to the available phase space. This process of statistical hadronization natu-
rally leads to a hadronic nal state with particle abundances resembling a chemically
equilibrated resonance gas whose thermodynamic properties are set by the conditions of
the particle source at the point of the parton-hadron phase transition [12]. This picture
of statistical hadronization is supported by the fact that a hadro-chemical equilibrium
model can be successfully employed [73] to describe the hadron abundances. This model




collisions, with the parameterset adjusted ac-
cordingly. As there is essentially no hadronic rescattering in these collisions among the
few hadrons produced, they cannot originate from a stationary state with dynamically
maintained population ratios.
This however leads to the conclusion that the strangeness level imprinted on the hadronic
nal state is reached in the partonic phase of the reaction and remains unchanged during
the expansion and cooling of the hadronic phase.
The small amount of avor uctuations observed in heavy ion collisions indicate that
essentially all events exhibit an identical chemical composition within the limit of nite
sampling statistics. Combining this information with the assumption that the strange-
ness content is set in the partonic phase of the reaction, implies that in every single
collision a uniform partonic phase is produced, hadronizing according to a unique set of
thermodynamic parameters characteristic to a statistical hadronization process.
6.8 Outlook
The NA49-Experiment was concieved to measure event-by-event uctuations in heavy
ion collisions. The rst measurements of uctuations in \chemical" and \thermal" ob-
servables yield very valuable insight in the thermodynamic properties and the hadroniza-
tion processes of extended systems of strongly interacting matter. To complete this
investigation a series of further measurements will be needed. A precise study of the
uctuation pattern of elementary nucleon+nucleon collisions with the NA49-apparatus
will provide a reference to further understand and quantify the observed dynamical uc-
tuations in heavy ion collisions.
The upcoming analysis of data of Pb+Pb Collisions taken at 40GeV/nucleon will fea-
ture a test for the hypothesis of appraoching the tricritical point of the phasediagram of
strongly interacting matter when probing dierent regions of the 
B
-T -plane by varying
the incident energy of the colliding system.
Of course the next great challenge for the concept of an event-by-event analysis will be
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